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SKCTION I 
INTIlODrCTION 



(knt'ral Klectric Company, Space {M\ision» was one of four contractors who received a 
contract from the National Science Foundation, Washington, D. C. in early January l97l to 
ilesiH:n, buiW and install a solar heating experiment on a public school. The experiment 
was to become operational in March 1974 and obtain performance data during the 1973/1971 
heating season. 



System design was started immediately. Vendors were sought out who could respoml to the 
short delivery requirements. Contractors awl subcontractors were brought on boani i.. less 
than one week. 



Installation of the 104, 000 pounds of prefabricated steel started on February 13 and was 
completed on February 20. Solar collectors and the control console were delivered to Boston 
on February 25. Installation proceeded rapidly and smoothly; material continued to How to 
the construction site in time to keep the construction crew working. The Grover Cleveland 
School was the first solar heating e>q3eriment to come on lino for continuous operation when 
heat was supplied at 4:10 pm on March 6 (41 days after contract go-ahead). 

Solar heating is feasible in Boston and other northern lati udcs. Summary performance data 
is as follows for the 144 collector system inst illed on the Grover Cleveland School. 

• Peak solar flux measured (via Ew>ly met«r on Mty 4) 294 BTU/Hr s£| ft 
o Maximum loop temperature recorded (April 29) 224^F 

e Maximum heat collected in one day (April 11) 4, 523. 000 BTU's 

• Solar energy collected in April* 45. 800, 000 BTU's 

• Heat loss through insulation in April* 1, 500, 000 BTU's 

• Electric power consumed by system in April 2, 500, 000 BTU's 

e Maximum daily collection efficiency integrated over 54% 
the sunlit period (April 16) 



♦These values are extrapolatea for the month of April and based on 15 days of actual daUi. 

10 
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Tho solar heaUng experiments were to demonstrate to the average citizen that solar energy is 
a slable part of this nation's plan to become "energy independent." Based on the press 
coverage and the many inquiries from across the nation the pia>lic did become aware of the 
solar heating demonstration. A large percentage of the visitors and inquiries were from 
people in alUed fields such as architecture, power companies, gas companies, private 
companies and individuals who are interested in solar heating. 

This report covers the time frame from the first week in January to May 15, 1974. A 
summary of the conclusions is given in Section 3. 
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SECTION 2 



PROGilA M OBJ KCTI VKS 

The owrall objective of this program was to obtain data which would assist in evaluating tlH» 
applicability of solar heating systems in large metropolitan areas. This data was to be of an 
"operational- nature, in cohtrast to theoretical, and encompass the areas of construction, 
societal interacUons, economics, aesthetics, etc., as well as the thermal performance 
aspects. The (iatii was obtaineti by constructing and operating a solar heating system of 
pilot plant scale on a middle school in Boston, Massachusetts. 

The detailed objectives for which the data was obtained were as follows: 

1 . To demonstrate to the generisi public that i^olar heating Is u viable sourt-e of eneruv 
for public buildings and homes 

2. T'^ design and manufacture a solar heating system utilising approximately 1500 
square feet of solar collectors 

3. To retrofit this system to the Grover Qeveland School and bring it to an operational 
status by March, 1974 

4. To gather any manufacturing data aK>llcable to "large" scale systems 



5. 



To operate the system through May 15, 1974 to augment the existing htating system, 
analyze the system's performance and prepare a final report 

These objectives were aU accomplished, and the following sections of this report present 
the results. 



The Schedule established in mid-January is shown in Figure 2^1. Comcletion dates ar^^ shown 
with a symbol ▼ . if the plai.ncd date is different than the actual completion date it is 
shown with a symbol S7 . The work week was established at 40 hours for the entire program. 
Some spot overtime was used to expedite a particular work element only if it became a 
pacing item in the material/work flow. The schedule is discussed in more detail in the 
appropriate section of this report. 
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PKOJECT BACKGROUND 

Application of solar energy for heating purposes goes back in time virtually l«) ihv 
iK'KinnirtK nf civiliy.ation. The usage of devices specifically to collect or focus solar cnorKv 
to proiUico useful heat, while not ancient, goes back many decades. In the past decade 
numerous individual experimenters and even some commercial institutions have priMluccd 
stilar colloctt»rs which have acceptable performance for specialized applications. Kvents 
of ihv recent past have focused attention on the need to extend or augment our energy 
supplies nationally. To this end several organizations, the General Electric Comfwiny 
among them, are developing solar collector panels. These devices show promise of 
Incoming an economical and efficient means of capturing solar energy as sensible heat 
which can be applied to heating of buildings and hot water supplies or, with the pro|)er 
ixiuipment, to air conditioning of buildings. Since a substantial portion of our national 
energ>' consumption occurs in these areas, successful application of solar energy could 
significantly reduce conventional energy consumption. 

WIIY UKAT A SCHOOL ? 

There are three major characteristics which should be kept in mind when consitlering 
a solar heating system: 

1 . An array of solar panels will exist which faces approximately south, has an 
area 25 to 75 percent of the floor area to be heated, and is located for 
minimum shadowing. 

2. A thermal energy storage tank will exist which will constitute a concentrated 
structural load of 5 to 12 pounds per square foot of panel array, be highly 
insulated, and be located as close as practical to the thermal load. 

3. The system will gather energy only during daylight hours with stored heat 
being utilized during nights or totally overcast days. 

The overall effect of these system characteristics is that buildings which are most 
ideally suited for solar heat will have the following general characteristics: 

1 . Principal heat load during sunlit hours 

2. Principal energy consumption during heating season 

er|c 



l\. Ijtiw riso construction 

I . l^ck of shadowing obstnicLions 

"». A "convcntioniil" hoatins system will exist to augment the solar system in 
oxtemled sunless periods. 

As can bo seen from above, a school is well suited genetically to the characteristics of a 
solar heating system. In addition, the use of a school for solar heating feasibility/ 
demonstration purposes provides a degree of public visibility and a^^-areness not obtainable 
with homes, factories, etc. The resulting public understanding could assist in determining 
the ac<'optability of similar systems in the future. 

There is one disadvantage to schools from a general heating stanc^int; in most localities 
there are definite legal requirements to achieve ventilation rates which are higher than 
an "average" building would have. The net result is increased heating costs due to the 
intake of large quanities of cold air. 

3.2 SUITABIUTY OF BOSTON DATA 

It is good practice to conduct an experiment in a manner such that the data has the 
widest possible applicability. This was done in part by the National Science Foundation 
with their specification of four separate localities for construction of solar heating 
experiments; one of which was Boston, Massachusetts. 

Boston is also representative of a large number of communities in which substantial 
fuel savings are potentially possible through the use of solar heat. In fact, a study by 
General Electric which paralleled this project concluded that Boston was typical of a 
climatic/population grouping wherein usage of solar heating in new construction, for 
instance, offered a very large potential fuel savings (three times that of the group with the 
next largest savings). Some cities whose climates are typified by Boston are Hartford, 
New York, Pittsburgh, Cleveland, Chicago, etc. The major reason for this conclusion was 
the two fold effect, first that there is a significant fraction of the northeastern part of the 
country that has a generally uniform climate suitable for solar heating, and, second, that 
same fraction of the country has a very high population density; hence, the potential total 
fuel savings is hi^. 

3-2 
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IVisUw has numerous characteristics both quantitative and qualitative which are 
representative of fK>tential s.»lar heating sites, iome or all of these characteristics will 
appear in future solur heatini; projects assuming utilization of sites offering the largest 
potential fuel savin^is. The clwnicteristics/considerations arc summarized as 
f<»llo\vs: 

1 . Healing season average «>f «000 degree days 

2. High cost labor 

3. KsUiblished, strong, interrelating, and protective labor unions 

I . KsUiblished, elaborate administrative structures in both municipal and 
school areas. 

r>. I^rge metropolitan area 

ft. Proximity to a large body of water 

7. Moderate air pollution 

« . Relatively pure, soft municipal water supply 

The particular locality in which the subject school was located, Dorchester, is a 
blue collar community of mixed nationality groups, and the school student body is 
multi-racial. The school is basically a "middle" school but is operating on a two shift 
basis to accommodate more than twice its normal pupil load and substitute for a neighboring 
school which was destroyed by fire. There is a large general incidence of vandalism in 
the area and this, combined with large numbers of students (approximately H50 shidents 
per day) moving about the school, provides a large exposure to vandalism , in this regard 
the experiment site is more representative of an "inner city" school than either an 
"average" or "suburban" school . 

3.3 SCHCX)L SELECTION PROCESS 

The Public Facilities Department of the City of Boston both builds and controls the 
operation of schools through a few year probationary period. As a consequence the approval 
cycles (and lost time) could be minimized by limiting school selection to those schools which 
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were still under the aegis of the Public Facilities Department. Two schools were offered, 
the Richard Murphy Klcmcntary Sch.)ol and the Grover Cleveland Middle School, ami an 
insfHJction tour of both schools was conducted to form the basis for selection. 

a.M. 1 RICHARD MURPIIY ELEMENTARY SCHOOL 

The Richard Murphy scIh>o1 is a new, modern, brick and masonry structure built in 
U)72. The school is multi-level ranging from one to four stories in height with a staggered, 
basically unobstructed roof. It contains 137, 000 square feet and utilizes a hot water heating 
system with centrally located, gas fired boilers. There are four different areas and types 
of heat loads within the school: 

^* Classrooms . Wall mounted, unit heater /ventilators, approximately one 
per 3000 square feet of classroom space. 



2. 



Cafctorium . A large, high ceiling, multi-purpose room which is utilized regularly 
at lunchtime and on a random schedule basis for assemblies, movies, etc. 
Forced air heating is supplied from an interior mechanical equipment room . 
Rated heating capacity. 580, 000 BTU/hr. 

Gymnasium . Very similar to the cafetorium except utilistod on a regular and 
frequent basis and served by a separate mechanical equipment room . Rated 
heating capacity, 700, 000 BTU/hr. 

Swimming Pool Room . Similar to the gym in size and utilizing a common 
mechanical equipment room. Major room heat comes from the pool itself 
and lights; consequently, main heating load is fresh air supply utilized for 
humidity control. Pool water is heated to 80 to 85* F by gas and air temperatures 
are kept near 80'F in contrast to the 70'F level in the rest of the school. 
Rated heating capacity, 515, 000 BTU/hr. 



The examination of the school led to the conclusion that the classrooms not be 
considered as an application since extensive work and disruption would be required in the 
active areas of the school. The other three areas are serviced by two mechanical 
equipment rooms housing air handlers which utilize hot water heating coils. Access to 
the rooms would require significant penetrations in the exis^'.ig building structure as 
well as significant movement of workmen and equipment through the school. The equipment 
rooms were small and rather full. Figure 3-1 is a simplified schematic of the heating 
system. 
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The exterior of the school was clean, contemporary and aesthetically appealing. The 
roofs were flat and virtually unobstructed and the primary building line of the school lay 
in a NVV-SE direction. There was no easy access to the roof and there also appeared to be 
little school yard area usable for collectors, thermal storage tanks* etc. 
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Figure 3-1 . Heating System Schematic for Richard Murphy School 

Based on the above, the best application of a solar heating experiment to this school 
was to mount the array on the roof of the four story section of the building and heat the 
gymnasium . This location would eliminate any consideration of self shadowing by 
other levels of the building* be reasonably near the heat load, and provide the maximum 
protection from vandalism . The control/instrumentation console would be housed in the 
mechanical equipment room . Construction drawings were obtained and a preliminary 
feasibility layout was completed. Figure 3-2 is a sketch of the general configuration. 

3.3.2 GROVER CLEVELAND MIDDLE SCHOOL 

The Grover Cleveland School currently consists of an addition ont'^ an older school 
building. The older portion is in the process of being renovated and is not presently 
utilized. The new section is a 61, 000 square foot, three story higli brick and masonry 
structural "addition" completed in 1972. Most of the building actually consists of only two 
floors (plus basement) since the first floor is significantly above grade and is made up of 
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principally high ceiHns facilities; i.e., gymnasium, metal shop, etc. The heating system 
is zone controlled, forced air which is provided by ten. roof mounted, combined function 
iiiv hamlling units. These units are manufactured by the Nesbitt Division of ITT and 
l>ii>vitle the following functions in one cabinet measuring approximately 20 ft long. 7 ft 
xvi»le and 5 ft high: 

1 . Exhaust of building return air 

2. Intake and controlled addition of fresh air 
a. Filtration 

I . Air conditioning 

5. Pressurizing (via blowers) 

a . Mcating 

7. Air distribution to multiple heating zones 

The units are generally set in pairs with one serving a section of the upper story and 
the other a similar area of the first floor. The units all utilize electric resistance coils 
for the air heating fimction and vary in capacity; the largest having 120 kW and 32 ton 
respective heating and cooling capacities. As a consequence of these units, virtually the 
entire 'lieating system" is externally mounted on the roof with only ductwork and electric 
cables penetrating the roof. 

The exterior of the building is very straightforward, utilitarian in appearance, and 
virtually without frills. There is no school yard, and vandalism has been a problem. The 
major building line is east- west and the building faces due magnetic south. The roof is 
basically fiat and unshadowed but broken up by stairwell headers, the heating units mentioned 
previously, and numerous large skylights wMch admit north light into the upper story 
classrooms. The skylights were particularly interesting since they were large 
(approximately 12 ft wide by 12 ft high), rather substantial looking, masonry structures, 
the south face of which sloped at 45 degrees to the horizontal. In addition, two rows, 
containing three skylights each, paralleled the front of the school and straddled two of the 
largest capacity heating units. The visual implication was that each row of skylights 
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Lov.M form the support for a fairly simple collector mounting trusswork. The nominally 
\ ft l»v •^ ft c'onec lor punt*l!« could then be mounted in two high tandem fashion to take 
acK-anUtge of the long sloping face of the skylight and to preclude wasting the nominally 
aO fcM>t separation between the rows of skylights. 

•Ihe preliminary conclusion was that the best application of a solar heating 
experiment to this school was to mount banks of tandem collectors on the roof o .er the 
sU»pinK, south faces of the two rows of skylights. Hot water could then be routed to 
eoils which couUI be added to the two heating units located between the banks of collectors. 
There was a'so space available for a third parallel row of collectors toward the rear of 
the roof should that be deemed desirable. In addition, a stairwell landing/roof access 
area was available for an instrumentation console and was adjacent to where the front 
bank of panels would be located. As a result, the entire system could be installed 
virtually without building penetrations and disruption to the normal school acUvities. 
The school construction drawings were obtained and brief layout study made. A sketch of the 
resulting configuration is shown in Figure 3-3 and incorporated a third row of collectors. 

:j.3.3 school selection 

The actual selection was a difficult choice. The Murphy School was more attractive, 
had a lower incidence of vandalism, and required more surgery and disruption to be 
done wifhin the building. The Cleveland School lent itself to isolating the construction 
activities from the occupied school areas. In addition it faced south so that the collector 
banks could parallel a building line which was an aesthetic benefit. 

Both the City of Boston and school personnel were highly cooperative and stated no 
strong preferences. For instance, the Public Facilities Department provided construction 
drawings and energy consumption and costs for 1972 in the schools they were monitoring. 
This data is given in Table 3-1 and shows that the electrically heated Cleveland School 
is the most expensive on a cost per square foot basis. 
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IMh schtmls were adaptable to solar heating and a summary comparison of the more 
salient aspects of both schools is given in Table 3-2. Consideration of all the above 
attributes both on their own merit and in light of the required extremely tight construction 
schedule led to the selection of the Grover Cleveland School. A summary of the basis 
for selection is given in Table 3-3 and a brief description of the planned solar heating 
expi^rimental system is given in Table 3-4 . 

Table 3-1. School Fuel Costs for Calendar Year 1972 
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Table 3-3. Basis for Selection.Grover Cleveland School 



No additional piping or venting penetrations 

Easy integration of solar system (more options, several 
interface possibilities) 

More working room and "add-ons" area adjacent to heating units 

Easy access to roof area 

Existing skylights to px^ovide some support 

Probably opportunity to demonstrate bigger operating cost 
savings 

Possible test of resistance to vandalism 



Table 3-4. Integrated Solar Heating System Experiment Planned for the 
Grover Cleveland School 



Integrated System Description 



144 - 4* by 8» solar panels 

3 - two panel high rows 

Partially supported by existing skylights 

Insulated copper piping 

Glycol water transport fluid 

Time or temperature actuated fluid pump 

Make-up air preheater and/or coil just ahead of existing 
heating unit 
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SECTION I 



SOlJ\R HEATING SYSTEM DESIGN 



In January I074 when this project began, virtually no experience existed Inside or outside 
of General Electric in the design, erection, or operation of large solar collector arrays in 
the million BTl'/hr class. In addition. General Electric's "second generation'* of solar 
collector panels was still in the design stage with testing not yet completed on the first 
generation. The priorities for the project were: 

1 . Produce a system which works 

2. Deliver heat as early in March as possible 

3. Stay within budget 

While these statements in some respects appeared mutually exclusive, they set the tone 
for the project and had a large influence on the design philosophy. 

I'nder normal circumstances when developing a new product, one body of information origi- 
nates from theoretical studies; a second body from experiments on sub-scale samples; a 
third from prototype products or systems; and the final body from operational experience 
with production products or systems. In addition, there is normally a considerable itera- 
tion process between the four modes of information development. However, this project 
required entering the third mode with the first body of information in a somewhat immature 
state and the second nearly non-existent. As a consequence of all of the above factors, the 
toilowing design philosophy was employed: 

1. Keep the system as simple as possible. 

2, Provide those features which would provide maximum capability to: 

a. Compensate for unexpected component performance 

b. Diagnose an impending problem 

c. Recover from a disaster 



d. 



Incorporate future modifications 
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a. Dosign using those uompuncnts and processes which could be obtained within the 
..equired schedule 

L Maximize the capability for unattended operation of the installed system 

Due to the site's location being remote from the Space Division's main facility at Valley 
Kt»rgis Pennsylvania, and particular components' local availabilities, some of the design 
\v<»rk was actually done in Boston by both General Electric and Balllnger personnel. A 
summary of the design schedule is shown in Figure 4-1. 
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Figure 4-1. System Design Schedule 

1. 1 COLLECTOR DESIGN 

The solar healing system design is described in Subsectfon t.2 and utilized 
GE pa prototype collector modules (Drawing 47E312004-A). A group of these collector 
modules, installed on the school, is shown in Figure 4-2. The overall dimensions and con- 
figuration of the collector module are shown in GE Drawing 47D312008, External Envelope, 
P3 Solar Collector. 

Each module is comprised of three major components. 

1 . The absorber plate, insulation and frame pan, which are molded into an integral 
structure 

2. An inner window 

3. An outer window, with sealant 

The arrangement and interrelationship of these components is shown in Figures 4-3 and 4-4. 
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Combining the absorber plate, foam insulation and lightweight frame pan into a single 
molded assembly provides a number of unt({ue performance enhancing and cost saving 
advantages. The resultant absorber assembly is a rigid foam insulation-eored panel 
having the sheet aluminum frame p*m as one "skin" and the absorber plate as the other. 
Foam or honeycomb cored panels are widely used in the aerospace and building industries 
to produce high strength, lightweight panels for a variety of uses. In this application the 
"sandwich" construction provides a very stiff, self-supporting panel which weighs only 
three pounds per square foot with the windows installed. 

The two inches of polyurethane insulation provides a calculated rearward conductance of 
ai)|>roximateIy . 07 BTU/hr °F ft ^. The insulation is completely sealed by the aluminum 
pan, the absorber plate, and the Kydex <acrylic-polyvinylchloride) profile section which 
fot*ms the inner window support. RTV silicones seal all joints, effectively preventing 
long term degradation of the polyurethane due to moisture infiltration; gradual replacement 
of the fluorocarbon gas blowing agent with other atmospheric constituents, particularly 
water vapor, in unprotected urethane insulations not only lowers the insulating value signi- 
ficantly, but also may adversely affect strength and dimensional stability. (Absorption of 
water and water vapor also degrades glass fiber and mineral insulations.) In addition, 
direct exposure to UV is recognized as a significant cause of degradation of urethane foam 
insulations. The fully sealed insulation of the GE design is believed to eliminate these 
problems, providing this design with a high potential for durability. 

The inner and outer windows are made of Lexan UV-inhibited polycarbonate plastic. This 
material was selected for its durability, desirable thermal, optical, mechanical, and light- 
weight properties. Both windows have Integral formed stiffening ribs which serve to accu- 
rately control the spacing of the windows in order to minimize conductive and eonvectivc 
heat losses. The point contacts where the ribs cross also minimize outward thermal losses 
through the low thermal conductivity plastic. UV resistant polycarbonate plastic, with its 
high heat deflection temperature {285* F), high impact resistance and formability, is con- 
sidered to be particularly suitable for use as solar collector windows. Examination of 
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FiKitres 4-5 und 4-U show that the spectral transmission characteristics of clear Lexan 
sheet are well-matched to the solar radiation spectrum. The int^rated solar transmittance 
iuid rcflectcwce ol 0. 08 inch Lexan sheet are . 87 and . 05 respectively. Beyond three microns, 
the measured transmittance of 0. 08 inch clear Lexan sheet is less than one percent in any one 
micron spectral interval. 

While Rhiss offers good transmittance, abrasion resistance, long term stability, weather 
I'c.'-.i.stamc and low thermal expansion, its weight and relatively fragile nature may limit its 
iist fulncss for h)\v cost, lightweight applications. To withstand the 25 to 35 pound per square 
loot peak wind loads ex{x?rienced in most of the 48 contiguous states, 1/4 Inch thick plate- 
gia.ss or a Irt inc h thick tempered glass must be used for 4 by 8 ft collector panels. The 
apfiroNimatc weight of 3/16 inch tempered glass desirable for large collectors is 2.5 pounds 
per square foot. This must be compared to the 0.3 to 0.5 pound per square foot weight of 
plasLic cover sheet materials of interest. 
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Figure 4-5. Solar Radiation Spectrum 
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Figure 4-6, Spectral Transmittance of Window Materials 



While normal 0.09 inch window glass is relatively low in cost (on the urder of $0. 20 per 
s(iuarc foot in large quantities) tempering, greater thicknesses, and low iron formulations 
all add significantly to the cost. Recent quotes to GE from major glass manufacturers for 
large quantities of tempered normal and low iron glass range from $0.46 per square foot 
for normal 1/s inch (DS) tempered to $1.96 per square foot for 7/32 inch tempered low iron 
glass. One eighth inch thick tempered glass is of questionable suitability for the outer sur- 
face of collectors larger than 3 by 6 ft because of wind loading considerations. Some manu- 
facturers are hesitant to quote large sizes of 1/8 or 5/32 tempered glass because of handling 
difficulties. 

Long term exposure to ultraviolet radiation has effects of varying severity on various 
plastics. The transmittance of acrylic sheet is not affected to any very significant 
degree by W; however, loss of strength and impact resistance has been observed in long 
term outdoor weathering tests in sunlight. Polycarbonate sheet with an early irV' inhibitor 
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system has evidenced a loss of appro?dmateIy six percentage points in transmission over 
five years exposure in Florida weathering tests* but no significant loss in strength or impact 
resistance has occurred (Reference 1). More recently developed UV inhibitors for Lexan have 
provided significant improvements in the resistance to transmission degradation. These are 
now being carefully evaluated for solar collector applications. 

Aciylic sheet plastic, or heat strengthened or tempered glass are significantly more sus- 
ceptible to breakage than the polycarbonate material. (It is interesting to note that among 
all the collectors built for the four recently completed NSF school solar heating systems, 
all of the three collector arrays using glass windows have experienced breakage due to 
hamliing. thormally induced stresses, or mis«ile Impact - or combinations of these causes, 
imly the GE collectors have remained intact, notwithstanding their being subjected to bom- 
bardment with a baseball, and rocks up to the size of railroad ballast). 

A clear advantage of this window design is that in additicxi to providing a large clear aper- 
ture, edge shadowing is significantly reduced by the window mounting technique and the 
sloping Kydcx edge. This design offers approximately 4 to 6 percent gain in total energy 
capture potential over one having a more conventional 3/4 to 1 inch glazing border. 

Another significant advantage of the formable plastic window is that it provides a continuous, 
weather tight surface with a sealing lip which is unbroken, even at the comers of the panel. 
Figures 4-2, 4-3, and 4-4 illustrate the use of the transverse ribs and the sealing Up around 
the ecigc. 

This typo of weather proof sealing arrangement also makes it possible to remove and replace 
windows without removing the collector from its installed position and without draining or 
disconnecting the attached fluid piping. A butyl strip architectural glazing sealant under the 
outer window forms a fully weathertight seal, protecting the panel from moisture infiltration. 
This type of construction offers^ the ultimate potential for sealing arrays of collectors to form 
weather tight roof surfaces. 

Reference 1. Weatherabili^ and UV Resistance. General Electric Lcxan Technical Marketing 
Brochure. Table 2. I.exan Resin Business Section, Plastics Department, Pittsfield, Mass. 
4-« 
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The absorber heat exchanger plate of this solar collector is Alloy 1100 aluminum^ \^ith integral 
fluid passages formed using the OLIN roll-bond process. The resulting panel has high thermal 
efficiency, is light in weight and low in both material and production cost. When used in con- 
junction %\ith corrosion inhibitor systems developed for automotive applications, the durability 
of this material is excellent; OLIN reports outstanding durabiUty of aluminum roll-bond used 
as heat recovery panels in commercial lighting fixtures. 



I'niikc spot or scam welded absorber panels which have many narrow capillary interstices 
it. which non-flowing concentrations of corrosion producing materials may be deposited from 
the working fluid. roU-bond sheets are fully diffusion bonded in all areas where fluid flow is 
not desired, eliminating the potential of confined corrosion sites. 



OLIN's existing roll-bond manufacturing equipment limits the width of panels they can pro- 
duce to 36 inches. Because of this manufacturing limitation it was decided to make the ab- 
sorber panel as a 2 ft x 8 ft module and assemble two of these in mirror image orientation 
in the collector; a mechanical and thermal bond between the two plates results in a full 4 ft 
X s ft absorber plate assembly. Since a reliable, low cost inti-apanel fluid connection be- 
tween the two 2 ft x 8 ft sections could not be devised within the available time, it was de- 
cided to provide a fluid inlet and outlet on each section. 



Thoso connections are made by welding internally threaded adapters to the Roll Bond panels, 
then at collector assembly threading short aluminum pipe nipples into the absorber adapters 
through appropriate clearance holes in the pan ends. These penetrations are then sealed 
with RTV silicone rubber to provide a flexible weather tight seal between the pan and each 
fluid connection. 



The solar collectors are coated with the 3M 301-ClO Black Velvet paint, baked at 350° F. 
Measured properties of this coating, as used in this application, are: 

Solar Absorptivity . _ .975 _ - 
Infrared Emissivity ^ ^ .907 

This coating is durable and abrasion resistant in normal handling. 
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aM's published weathering data for direct outdoor exposure indicates a three-year minimum 
life fc^r this product, and a maximum continuous service temperature of 300* F. 

The long term effects of exposure in the collector environment - low relative humiditj' air 
at elevated substrate temperatures, in the absence of UV- must be determined; It is expected 
that a significantly longer life will be realized with this product since it is protected by col- 
lector covers and operates at temperatures significantly below 300" F. 

General Electric is currently evaluating selective coatings for collector applications; how- 
ever, the durability and retention of selective properties of these coatings have not been ade- 
quately established, and for this reason, they were not selected for use in this application. 

Porous plugs are provided to vent the cavity between the absorber and the outer window, al- 
lowing for air expansion and the expulsion of water vapor on heating. These plugs are pro- 
tected by the window lips from direct weather exposure. 

Recessed threaded inserts are provided aiong both 8 ft edges of the back of the collector 
motlules to permit bolting to their supporting structure. Twelve 1/4-20 bolts provide ade- 
quate retention margin (5:1) against the 30 pnf maximum design wind load. 

4.2 SYSTEM DESIGN 

The City of Boston Public Facilities Department provided Invaluable assistance in both pro- 
viding information/drawings of the school guidance as to what would be required to ob- 
tain necessary approvals. They also materially contributed to the project by constructing 
a masonry wall to inhibit vandal access to i^ie roof and enclosing part of a stair landing to 
provide an enclosure to house the control instrumentation console. 

The initiation point is shown in Figures 4-7 through 4-9 which are the photographs taken 
during the school selection tour during the second week of January; Figure 4-7 is a general 
view of the roof looking east. The "second" row of three skylights Is in the central area of 
the photograph. The AC -6 heating unit and one of the first (front) row of skylights can be 
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FiKiire 4-8. Row of Skylights Viewed from Southwest (top). 
General View from East (bottom). 
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seen near the right edge of the photograph. Three roof mounted exhaust ventilators which 
iVf>resont a sipiificant heat dump can be identified by the amount of melted snow and apr>ear 
adjacent to the "near" end of the second row of skylights and the two ventilators nearest the 
left edge of the photograph. Figure 4-8 shows the "second" row of skylights and 
a general view looking West, the two rows of skylights, two heating units, the stair- 
way header and roof access door a(|}acent to the front row of skylights. Figure 4-9 shows 
one of the combined function, roof mounted Nesbitt heating units. 

A subcontracted architectural engineering firm, The Ballinger Company, was utilized in the 
system design task. They provided consultation, structural design, and produced the engi- 
neering drawings which were required for both construction and approvals by both the City of 
Boston and the State of Massachusetts. Their principal Inputs came from the system layout, 
piping design, and control design tasks. This entire effort required considerable interaction 
and the tasks were essentially accomplished in a parallel rather than serial fashion. 

4.2.1 SYSTEM LAYOUT 

The general concept of the system layout had been chosen during the school selection process. 
At this point the school's construction drawings were used to produce layouts with which to 
study various array configurations. The Initial estimates had concluded that due to the duty 
cycle of the existing heating units, the solar heating system could likely carry most of the 
load even It sized to deliver significantly below 820,000 BTU/hr. Consequently, 450-500,000 
BTU/hr was selected as a target for the system size. The space readily available on the 
roof was approximately 100 ft east/west by 115 ft north/south. The centerlines of two rows 
of skylights were 45 ft apart with two, 20 ft by 7 ft by 5 ft heating units (designated AC-6 and 
AC-7), located approximately midway between the two skylight rows. There was also an 
area of useable roof extending approximately 45 ft behind the second row of skylights. Ana- 
lytical estimates of average heat output integrated over the sunlit period for optimum tilt 
angles and mean winter conditions were 80 to 100 BTU/Hr FT of collector and so the system 
layout became a task of placing 140 to 160 collector panels in two or three rows. A decision 
was also made to divide the rows hydraulically into banks of approximately equal heat output 
to maximize system flexibility, commonality of piping sizes, and ease of flow balancing. 
Figure 4-10 is the layout sketch which became the basis for the system. 
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Figure 4-10. Layout of General Arrangemi 
Boston School Solar Heating Installation 
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This fiRiirc shows a system ce)mpr»Gtn! of three rows of collectors with each row having two 
indoiKMiflent banks t)f collectors. The basic array size was 124 collectors arranged in six 
intlependent banks. An option of an utUlitional ten collectors existed on the east end ol the mid- 
dle and north rows and another option for ten was possible on the west end of the north vow. 
The west end of t\\c nu<UUe row of collectors was abbreviated due to a concern that it would 
he shadowed by the stairway header structure. The school faced magnetic siw^h which, with 
the lc»eal magnetic declination, meant that the array being positioned parallel to the building 
lino, actually faced 15 degrees east of south. This represents a fsmall sacrifice in total 
energy gathering cai^ability since the system's effectiveness will fjUl off earlier in the after- 
nntxi when ambient temperatures and» consequently, system efficiencies, are typically 
higher. However, this easterly facing results in a faster system warmup transient which is 
of more significance with a school's normal 7:00 AM to -1:00 PM usage period. 



.Array tilt angles of 45 to 55 degrees were evaluated and 45 degrees was selected which results 
in theoretical performance peaks slightly prior to March 21 and subsequent to September 21. 
This angle was felt to be the best compromise of the following factors: 

1. Year round performance testing (see Figure 4-11 for sun angle effects) 

2. Heating (steeper angles are better but sky conditions in late December/early 
January nullify the benefits of much steeper angles) 

.*>. Ease of construction layout by the steel fabricator 

V 

4. Visual match with skylights 

The array performance thus peaks in early fall and early spring but is not far off its optimum 
in the hte January and February peak heating season as shown in Figure 4-11. 

In this time frame it became apparent that the skylights could r .t be the principal support 
for the collectors. The initial estimates of the desired therm*- energy storage tank size 
was 6000 gallons based on earlier studies which indicated that lu to 15 pounds of water/ square 
foot of collector was near optimum for the northeastern states. This represented a concentrated 
load of 50 to 60, 000 pounds and it also appeared? that there was no location which was both con- 
venient and adequate to carry this load. As a consequence, the system was configured initially 
without ? thermal energy storage tank. This placed emphasis on the easterly facing and 
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Figure 4-11. Direct Sunlight Incidence Angle Variation 
for the Grover Cleveland School Solar Collectors 



4-1 S 

ERIC 



obuUiiing mini mum system thermal inertia so that the system would achieve useful tempera- 
tures as early as possible each day to maximize the solar contribution to the high heating load 
period (mornings) and, thus, the total contribution. Staff personnel of Ballinger Company, the 
arctiitect engineering subcontractors, had provided some consultation throughout this phase. 
They then utilized the results of the system layout as inputs for their structural design efforts. 
1.2.2 PIPING DESIGN 

The major objectives of the piping design were as for< vs: 

1. Provide capability to add or isolate a slgnificaov group of collectors to/from the 
system \\'ith a minimum perturbation 

2. i>rovide capability to isolate one or two collectors from the system with a minimum 
perturbation 

3. .Minimize the need for flow balancing but provide the capability should it be required 

1. Minimize Quid inventory and piping sizes to minimize thermal inertia of the system 
but maintain reasonable pumping power requirements 

To avoid confusion, the following definitions will apply to piping: 

Bank. A group of collectors all supplied from one inlet header, typically IG percent 
of the system and 24 collectors. 

2. Header . A pipe to which a group of collectors (bank) is plumbed hydraulically in 
parallel. Its funcUon is to distribute fluid equally to the collectors. 

3. Feeder . A pipe which carries fluid from point to point and is not a header. It 
may connect to other feeders, mechanical equipment, or a header pipe. 

The information generated in this task provided input to BaUinger Company for their final 
sizing and generation of the piping drawings. This task consisted of choosing a collector 
interconnection approach and then a layout and sizing of the piping network to supply fluid 
to the collectors. 

•*.2.2. 1 Collector Interconnection 

The anticipated p,>rformance point for the collector panels was a pressure drop of 0.2 psi at 
a total flow of 0. 8 gpm per collector with a nominal fluid temperature rise of 8" F. This 
pressure drop is quite low which is an advantage from the standpoint of required pumping 
power but it places a requirement for very low pressure drop in the header to insure uniform 
flow distribution between coUectors within a bank. (If the header pressure drop is signiflc mt 
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with respcHJt to the collector pressure drop then the majority of the flow will go through the 
collectors on each end of the bank; the bank's center collectors ^iil then have a very low 
or. even possibly, no flow through them.) This can be overcome by placing a parasitic 
pressure drop, i.e., a balancing valve, in series with the collector; however, this negates 
t!ie low pumping power advantage. 

The collectors actually consist of two hydraulically independent absorber plates and as 
mentioned previously, system geometry considerations resulted in the configuration of two 
collectors in tandem. As a consequence, there are several possible ways to interconnect 
the coUectors to increase pressure drop between inlet and ouUet headers. Each cor.cept 
has an effect on pressure drop, system reliability, system flexibility, and hardware/labor 
requirements (cost and schedule). It is possible to plumb these panels into series parallel 
networks, utilize solenoid valves, and generate very high system reliabilities in true aero- 
space fashion. However, this approach did not seem warranted due to the high degree of 
integrity expected from the collector and also, the fact that the cost would have been 
prohibitive. 



xMany concepts were postulated but only four were given serious consideration. They are 
shown in Figure 4-12 with the first two concepts utilizing highAow headers and the last 
two providing a crossover so that all the piping can be accessible. The high/low header 
approach has a disadvantage in that the installation/removal of collectors is complicated 
somewhat in that they must be fit between headers via flexible hose or flat flanged unions. 
However, it does have the distinct advantage that the static pressure differential can be 
utilized to help insure uniform flow distribution within the bank. The number of valves 
required per collector was a major concern both because of total cost and the problems of 
obtaining a large quantity on schedule. The quantity of header penetrations was of concern 
due to both the labor required and the resultant reliability. Concepts 3 and 4 place four 
panel pressure drops and temperature rises in series. This is still minor compared to the 
static pressure differential available with Concepts 1 or 2 but the large temperature diffcrcn- 
tial would make the -ystem thermal instrumentation more accurate. However, with Con- 
cept 3 this would result in a large temperature differential across tiie bottom collector's 
absorber plate which produces heat flow in the lateral direction and. if nothing else, compli- 
cates the collector analysis. 
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After evaluating the various considerations, a variation of Concept 2 was chosen principally 
because it provided the greatest freedom from uncertainties* i.e., flow balancing, air 
entrapment, etc. However, prior to fixing the configuration, a sample header penetration 
joint was made by the plumbing subcontractor and evaluated by General Electric. The 
variation eliminated half of the valves by substituting one valve at an accessible location on 
the hot header for all the outlet valves in a bank. Since flexible rubber hoses were chosen 
as the means of collector to header connection, it was deemed that the header valve could 
be shut, the hot header to collector connection broken and plugged, and the header valve 
reopened should an individual collector removal sequence ever become necessary. 

1.2.2.2 mping Network 

The decision to utilize six banks instead of three (which Is at least visually suggested by the 
existence of three rows) was prompted by the desire for a large degree of system flexibility, 
ease of flow balancing and simplicity of construction. 

A philosophy decision was p «de to keep tfte system flows as inherently balanced as possible 
which translated to a "Z" flow pattern through each bank, i.e.. lower left in and upper right 
out. While exact bank configurations had not been determined at the time, two general 
piping schematics were prepared and are shown as Figure 4-13 and 4-14. Both configura- 
tions have virtually the same number of valves and the same degree of flexibility. However, 
the configuration shown in Figure 4-14 was chosen because^ for a given pressure drop, it: 

• Mnimizes the liquid Inventory by 20% 

• Minimizes the surface area and length of hot feed/header pipe by 10% 

• Minimizes the required lengths of large diameter pipes by 40% 

The transient system response is addressed by the first and last consideration and the sys- 
tem efficiency by the second and last consideration. The cost of fittings, valves and 
hydraulic instrumentation is addressed by the last consideration. 
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Figure 4-13. Side Feed Piping Network 
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Figure 4-14, Side Feed, Center Return Piping Network 

50 



I»ivliminary sizing cidculations were made based oti the caiifig-uratio^ofyj^re^f-l I, an 
assumed solution which was 45 percent ethylene glycol and 55 percent water (freezing point, 
-21" F). and a How rate of 0. h gpm per collector. The results were as foUows: 

Headers ~ 1. 5 in. , O. D. 

IVetlors carrying flow for one bank = 1.0 in. O.D. 

Feeders carrying flow for two banks = 1. 50 in. O. D. 

Feeders carrying flow for three batiks = 1. 75 in. O. D. 

Feeders carrying flow for four banks = 2. 0 in. O. D. 

Feeders carrying flow for six banks = 2.5 in. O. D. 

The predicted loop pressure drop was 23.4 psi at 60 gpm with a main pump requirement of 
1. 5 HP. These calculations ignored fittings due to the lack of exact bank configurations, 
heating coil pressure drops, etc. To allow for this the preliminary estimate sizing was set 
at a loop pressure drop of 46 psi with the pump requirement beiiig 3 HP at 60 gpm. Actual 
values were 42 psi at 64 gpm (see Table 6-2, Mode 3) which agn?es well; however inspection 
of performance curves for available pumps lead to selection of a 5 HP pump. 

Both Armaflex and Armaloc insulation were considered and the higher performance Armaloc 
was selected because it ^\'as both less costly and more available in sizes applicable to our 
system. The nominal insulation thickness was 1 inch and the heat loss was almost negligible 
on the system, i. e. , 9. 1 BTU/hr °F per 100 feet of 2 inch O. D. pipe. 

A transient response prediction was calculated for this system in terms of time after sunrise 

with the assumptions of a peak collected energy density of 100 BTU/hr ft^ (see Table 6-4 

for comparison to actuals), no heat loss from the system, and a flowing Hqufd inventory of 

150 gallons. The results follow: 

Time after Fluid Temixrature 

SunrisK ^Hr Rise ^ r 



0 6 

• 3. 3 

1.0 13.0 

t. 5 29. 1 

2.0 51.5 

2. 3 79. 0 

3.0 112.2 



4-25 



ERIC 51 



As this \vt»rk was being completed the control concepts were being finalized and a location 
was I'outul near the east end of Bank K capable of supporting a small thermal energy storijge 
tank. A U>cation uiuierneath Bank K was selected for the main pump area and a new feature 
was added to the system. The new feature is the three bypass heat exchangers discussed in 
Subsection 4. 2.3. 2 following. They are basically liquid to air auxiliary heat exchangers 
which prt>\ tck' the capability to dump excess heat which cannot be utilized (a typical summer 
situation) and to accelerate the morning warmup transient. At this point reflection on 
overall system reliability also led to the conclusion that pressure should be minimized on 
thi* colltvtor's rubber hose connections and, consequently, the main pump was relocated to 
place the suction side immediately downstream of the collector outlet. Main pump NPSH 
requirements were satisfied by pressurizing a make up water tank. The unconventional 
placement of the pump on the "Hot" side of the loop is not as significant as it would appear, 
since the loop temperature differential decreases substantially as the temperature level 
increases (tlue to both collector efficiency and system mode changes). 

The piping network schematics were revised using these inputs and the final versions of the 
network and pump area are shown in Figures 4-15 and 4-16, respectively. 

1.2.3 MAJOR SYSTEM COMPONENTS 

There were three major components or areas of the heating system which required an 
individual design acUvity. These were the Nesbltt Heating Unit Modification, the bypass 
heat exchanger, and the thermal energy storage tank, 

4.2.3.1 Xesbitt Heating Unit Modification 

The Xesbitt heating unit is a relatively compact package which provides all functions nor- 
mally associated with a year round, hot air comfort system. The particular units to be 
modified were designated AC -6 and AC- 7 in the building plan and are referred to as rooftop, 
reheat multizone. model RMA units by the manufacturer. Each of the two units has a 
capacity of 410, 000 BTU/hr and 30 tons of heating and cooling, respectively. According to 
the school plans AC-6 and AC-7 serve a virtually identical floor area and have an identical 
heating load. A high ceiling first Qoor class area of 9074 square feet plus the two story 
high 2211 square foot lobby is served by AC-6 while a more conventional classroom area of 
9074 square feet on the upper floor and some leakage to the lobby upper volume are provided 
4-2« 
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Figure 4-15. Piping Schematic - Minimum Feed Volume, Minimum 
Header Volume and Minimum Hot Pipe Surface 
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by AC-?. T\\v gonunii approach to the modification was to find a location in» or arouinl, Uu* 
unit which would bo suitjihlc for a hot wator to air heat exchaiigcr ("coil''>. The h>catli)n 
wtndit m»t only haw to be geometrically suitiible but functionally useful and amenubh' to Uu' 
fxistinf? control systeni or a modest modification thereof. 

1.2. .'L 1, 1 Modification Concept 

An exterior \iew of one of the units was shown in Figure 4- 9 and Figure 1-17 provides a 
si(k' view with the locations of various functions Identified. It is possible with care anti 
qualifications to place heating coils in any or all of the locations shown in Figure 4-1 S; how- 
ever, many of the locations are not desirable. The function of the unit is to draw returt» 
air from the school (via a fan), discharge a fraction of It and replace it with outside air. 
The mixed air then travels through a filter section, the air conditioning refrigeralit)n 
coil, and the main blower. Downstream of the main blower, the air enters a plenum and 
is split horizontally into two decks; the heating elements being located in the lower or "hot 
deck" and the upper "cold deck" being essentially a bypass duct. Both decks terminate in 
two small plenum volumes immediately upstream of the dampers in the exit plane of the 
unit. The unit internal controls maintain hot and cold deck exit air temperatures while the 
room thermostats control the exit damper positions - mixing a proportion of hot and cold 
A air to satisfy the rooms* demands. The exit planes of each of these heating units can be 
segregated into different individually controlled heating zones and in this case AC-H has 
1 0 and AC-7, 6 zones. 

Each of these locations shown in Figure 4-18 were looked at as Concepts 1 through 5 shown 
in Figures 4-19 through 4-23, respectively. A major functional problem was common to 
Concepts 1, 2 and 4 in that the effect of adding heat upstream of the hot/cold deck separation 
would be to heat the mixed air and. thus, the cold deck temperature. While this would be 
fine for the heating only situation it would either compromise unit performance during those 
periods when some air conditioning was needed or it would necessitate the solar heating coil 
cycle to a condition of no heat input whenever either economizer or refrigeration cycle air 
conditioning was called for. This reason along with other disadvantages led to the elimi- 
nation of concepts 1. 2 and 4. Concept 3 was the simplest modification concept of all and 
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Figure 4-1h. Schematic Rooftop Heating and Cooling Unit at G rover rlevclajid School 
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Figure 4-19. Modification Concept No. 1 - Inlet Air Heating 
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1. REQUIRES ACCESS TO BOTTOM OF UNIT 
AT ROOF LINE • 
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3. "EC0N(»1IZER CVaE" AIR CONDITIONING 
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4. COMPLICATED CONTROL SYSTEM 



Figure 4-20. Modification Concept No. 2 - Return Air Heating 
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Figure 4-21. Modification Concept No, 3 - Exit Hot Air Heating 
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Figure 4-22. Modification Concept No. 4 - Total Mixed Air Heating 
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Figure 4-23. Modification Concept No. 5 - Hot Deck Preheating 
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would Dot siKnilicantly i\XUKit the Ncsbitt control system although some proportioning of the 
hfatitij; vvouKl Ik- ri'((uiri'il. Uo\vt'\cr. it had tht' distinct disadvantage Unit the solar heating 
coil location is in the liottest region of the unit and thus the fluid loop temperature's minimum 
useful value is larger than that of Concept 3. Concept 5 had an additional advantage in that 
it does not riHiuire modification of the existing control systems. 

Concept .) was then selected and, based on discussions with Nesbitt 0eld and factory personnel, 
a ItKjation iti the unit's hot deck between the existing "reheat" and electric heating coils was 
selected. The "reheat" coil is plumbcxl into the air conditioning cycle's refrigerant loop and 
utilizes warm <'ondensute to heat air whenever the refrigeration cycle is activated. This 
plumbing consideration, together with the need to provide an air plenum volume at the inlet 
to the hot. cohl decks, required that the "reheat" coil not be relocated. The electric heating 
coil IS smaller than the volume allocated to the "heating section" of the hot deck and also 
eccentric with respect to its mounting interfaces. As a result, it was deemed that the electric 
coil coukl be invertcd.thus moving the coil itself downstream awl providing a 7 in, X 2« in. 
X 70 in. internal volume available for the "solar" coil. This location had several advantages 
from a system standpoint, sjjecifically: 

1. The existing controls without modification would operate the Nesbitt unit since the 
unit controls on hot deck exit air temperature. 

2. The control system for the solar system was simplified. The solar coil functions 
as an air pro- heater for the electric coil and thus can run at full flow normally and 
be shut oil only when the RMA hot deck exit temperature becomes excessive or the 
unit goes on refrigeration cycle air conditioning. 

3. It was a relatively straightforward physical modification with relocation of some 
mercury wetted relays being the only additional complication. 

The Nesbitt unit considerations thus fixed the siise and pressure-drop requirements of the 
"solar" coil. This latter requirement comes from the need to maintain hot/cold deck pres- 
sure drop characU»ristics in a range which can be accommodated by the existing zone control 
dampers at the unit's exit plane. 

The "coll" is basically a finned tube, water to air heat exchanger whose effectiveness is a 
function of, among other factors, the number of fins per inch, the number of rows of 
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tubes, am! the tube spacing within the row. lieat transfer effectiveness generally conflicts 
with pressure drop consicferiitions and, thus, the selection is a tradeoff of performant-e 
characteristics with restrictions on volume and availability. 

Itlentiliciition of a coil vendor who could meet the 2 to 4 week available lead time was a major 
problem since coils are a "made to order" item. Trane Co. was found to have an "emei*gency" 
fabrication cycle which can produce their standard dimension coils in to 5 days for a 
premium price. Various sizes of coils were available and a two row coil having outside 
tlimensions of (»-l/2 in. X 26-1/4 in. X 67 in, was the largest coil that would fit into the 
volume available. This coil had a finned face area of 24 in. X 60 in. and was available with 
fin spacings of nominally 6, 9 and 12 fins per .n. and tube spacing within rows of 1-1/2 in. 
and 3 in. No precise criteria was available as to what additional pressure drop could be 
accommodated by the Nesbitt unit. However, the unit is designed for various type "heat 
sources" including 2, 3 and 4 row hot water coils with 9 and 12 fins per in. For the unit to 
operate correctly without damper modifications, the proposed "duplex heat source" (solar 
plus electric coils) should have a combined pressure drop equal or less than one of the 
standard Nesbitt heat sources, i. e, , a 4 row water coil. Since the electric coil has zilmost 
negligible pressure drop, < . 05 in. H^O, the Nesbitt factory concurred that aay 2 row coll 
with 9 to 12 fins/In. or less would be acceptable. As a result of these considerations and 
some preliminaiy performance figures provided by Trane on various geometries, a spacing 
of 1. 5 in. per tube with 9 fins per in. was selected for the 24 in. by 60 in., two row coil. 
This coil had the highest heat transfer effectiveness available without violating any con- 
straints. The coils were ordered and delivered the seventh day after the order was placed. 

4.2,3.1.2 Modified Unit Performance Predictions 

This section presents specific data intended for system performance evaluation. The calcu- 
lations are based on a series of coil selection computer runs done by Trane. An excerption 
of the results is given in Table 4-1. 

Figure 4-24 provides the basic operating performance predictions for the system in terms 
of measurable parameters, liquid flow rate and inlet temperature. This figure is based on 
a ('t(f F entering air temperature which apf>ears reasonable since a majority fraction of the 
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Figure 4-24. Predicted Heating Performance for Water/Glycol Coil 
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idr iMttorinH; the hot tieck will be building return air -ind the fan work will have raised the 
air tenjiu raUire some. If it is aseertaine.i that the entering air (which is also cold dtck air> 
iUliers nuirkeiUy frt)»n iiif F, the curve is stUl valitj with the modification that Ut|uid tenipt»ra- 
ture shouhl be rephiced by etitering liquid to air temperature difference; thus the four curves 
are tor AT's of ^(), (io. 40 and 2{f F moving from top down on the figure. The 14lf F pair 
of curves is an extrapolated set. The sensitivily to air flow within the operating ranges is 
shown as the approximately 7 percent change in air temperature rise for a 1000 SCFM variation 
in air How rate. It is expected that in "normar* operation an air temperature rise of 20 to 30^F 
across the solar coil will be achieved. In the majority of the March- May time frame this 
should be alt that the building ^ill require since normally the hot deck control point varies from 
70 t»» 130^F and the 90 to ISO^'f portion of the range is only experienced under high heating 
demand situations. Some actually experienced operating points are also shown on Figure 4-24 
for comparison. The generally "high" values of air temperature rise are due to the likelihood 
of less than 7500 SCFM air flow through the hot deck. 

Figures 4-25 and 4-2« prowde coil heat transfer characteristics based respectively on water 
and air side tiata. It is expected that the water side data is easier to obtain and thus Figure 
4-25 is probably of nwre use. The heat transferred (MBH value) should be independent of 
which fionre is utilized and, thus, either figure can be utiliiied "backwards" utilizing the 
MBH value as the common point, i.e. , to obtain hot deck air flow rate. 

Figure 4-27 presents liquid and air side pressure drop predictions. It is seen that Waiter 
side pressure drops will run in the 1 psig range and liquid temperature variations will have 
a negligible effect. The air side pressure drops are above Nesbitt's nominal value of 0. 35 
in. n,p for all flow rates above about 6000 SCFM which means that approximately 40 percent 
of the units total 9700 SCFM normally goes through the cold deck. The face area of the 
normal Nesbitt hot water coil is not signUicanUy larger than that of the "solar" coil. 

The nominal design point for the coils in the heating system is 30 gpm each, with a 17* F 
drop at which point they will deliver ai^roximately 235. 000 BTU/hr each assuming GO" F 
inlet air and 120^ F inlet water. Increases in inlet water temperature will significantly 
ijicrease the heat transfer capability. 
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Figure 4-25. Predicted Heat Transfer Characteristics Based on Water Side 

Data for Water /Glycol Coil 
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t . 2. :i. U Rmjuss I lout i: xc hanj»c r 

I IJypass Hoiit i;xch;»n>;t'r Function 
The b\-pjiss heat cxcha^itier provides both heat recovery and heat dump ftinctions. It originated 
(file to imticipated need for a means of dumping heat should an ••overtemperature" condition of 
any kind occur. The concept of a heat dump also made it possible to operate the system with- 
out a UicrmiU energj' storage tank (since it provides another means of circulating fluid ^^•ithout 
passing through the heating units) and \vould be useful during a contemplated summer experi- 
mentation period. 

\ aritms types and locations lor such an auxiliary heat exchanger were available; one 
tyiK- being simply a fan '^coil unit of the appropriate capacity. However, an observation made 
tlurinj; the initial inspection tour and which is \isible in Figure 4-7 led to a dual function 
unit. The rot>f mounted ventilators represent a significant heat removal from the scliool — 
this is nut unusual since schools by design intent have large rates of air exchange. A 
qualitative indication can !>e seen as the melted snow around three of the ventilators shown 
in Figure 4-7. A closer view is shown in Figures 4-28 and 4-29. The morning the 
pictures were taken it was between <» and lif F with almost no wind and the exhausting warm 
schot>l air hat! both meltcil the previous day's snow and, in spots, dried the roof. Figure 
4-2^1 shows a view looking east along what will become the rear or north row of collectors, 
and Figure 4-2f) shows a vi' w also looking cast along what will becon^e the center row of 
collectors. These three ventilators shut off only at night and provide a steacfy flow of 70 to 
7.V F air. The near and far ventilators in Figure 4-28 operate at 1050 and 2750 cfm, 
respectively, and the unit shown in Figure 4-20 operates at 1573 cfm. 

The dual function concept then is to form a heat exchanger arouiuf these ventilators, use the 
steady source of air to cool the loop for the heat dump mode, and also use the steady source 
of warm air to accelerate the morning warm up transient. Since it is reasonable to expect 
the loop working fluid to start out the morniiig at temperatures ranging from 0 to 30" F in 
winter, this warm air supply represents a significant boost. A discussion of how the control 
system function.-; to accomplish this is given in Section 4,2.4, 
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Figure 4-29. Roof Ventilators, Center Row 
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Thi" uso ui bypasss coils were then attructivo to the aysteni in that: 

1. rhoy made tht- systtin more llixible, i.e.» opt»rabie without a thermal ener{;y 
storage t;ink if nee<l be 

2. They provide a heat dump which couhl bo utilized for the contemplateil spritj^ and 
summer operation when the school heating load is at a minimum 

They provide a means to preheat the air and accelerate the fluid's morning warm 
up transient 

1. They provide additional system safety and allay some implied fears of over heatinj? 
the school 

1.2. .'{. 2. 2 Bypass Coil IX'sign 

The key problem in adapting heat exchangers to the ventilators is to obtain reason:ible heat 
ti':insfer effectiveness with virtually no air side pressure drop. The significance of the 
pressure drop is that the ventilators are not designed to work against a backpressure and a 
mo(k>st atkiitional resistance would drastically reduce their flow rate characteristics. The 
three particular ventilators utilisie radial flow turbine type blowers and discussions held with 
luanufaeturers led to the conclusion that additional resistance resulting in up to 0. 05 in. of 
water pressure drop would not significantly affect the flow characteristics. A decision was 
made to ik'sign a common coil which would surround each unit and let the center hole of the 
cujiical cover be ttiilorei! to fit the three different si^e ventilators. This was done to simplify 
atui speet! tlie manufacturing process. The result was a geometry which fit the 2750 cfm unit 
and utili/.ed adapters and extensions to mate the conical cover to the small units. 

The coils utili/.ed 0.5 in. O. D, aluminum spine fin tubing which was readily available from 
stock. This type tubing is normally utilized in household air conditioners and has extremely 
low air side pressure drop characteristics in relation to the heat transfer coefficients which 
can be developed. The resulting geometry is shown in Figure 4-30. The predicted perform- 
ance characteristics on the three ventilators is given in Table 4-2 and all three units show 
acceptable pressure drop values. 

As shown in the loop schematic. Figure 4-15, the total loop flow would be circulated through 
the coils on the 2750 and 1050 cfm units in parallel and half of the loop flow would reach the 
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Table 4-2. Bypass Coil Performance Characteristics! 



BEST GOPf AVAILABLE 



Air li«»\v 
-L i- M 




Water A IH" 
3U gpm pui 


Totid l A 
- Btu/hr°I' 




.U225 


3.3 


4250 


157.-. 


. 0(M*2 


3.3 


2700 


lo.>o 


.0044 


3.3 


2010 



1575 cfm unit. As a consequence, 30 gpm per coil corresponds to the 60 gpm loop design 
point. The grand total UA (overall heat transfer coefficient) is 8960 BTU/hr^F which is to 
say that these coils should have the capability to reject about 900,000 BTU/hr when the loop 
fhiid is 175 to 185°F and should input about 450,000 BTU/hr into the loop when the fluid is 
15 to 25^F. Since the loop output uus not expected to exceed 1, 000, 000 BTU/hr, this was 
felt to be adequate. In actuallity the loop did exceed 1, 000, 000 BTU/hr and something less 
than the predicted UA was achieved; however the loop can be held below 225°F. 
4. 2. 3.:$ Thermal Energy Storage (TES) Tank 

As mentioned earlier, the solar heating system was originally configured without a Thermal 
Knei-gy Storage (TES) capability because of an inability to find a usable location capable of 
supporting a concentrated load on the order of 50 to 60, 000 pounds. In addition, the Boston 
IHiblic Facilities Department had expressed considerable concern that glycol from the main 
fluid loop would leak onto and degrade the roof and the thought of possibly dumping a very 
large volume onto the roof as a result of vandalism was less than appealing. 



From a system performance standpoint, even a small TES capability, even just large enough 
to provicie morning heat until the main loop could take over, would be useful. A location on 
the north side of the east end of Bank E was identified which could readily accommodate a 
20, 000 pound load and a search was begun to find a usable tank in the 2000 gallon range. This 
last proved to be a problem because the late X973/early 1974 oil shortage had created an 
unusual demand for storage tanks in this size range; however, eventually a 2000 gallon steel 
storage tiink was located. 



A normal TES application is to circulate the hot loop working flui(J through a large, well 
insulated tank with the system's thermal load being either in parallel or downstream from 
the tank. Whenever the main loop is cold, the TES tank Is isolated from the main loop and 
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the thornud load is supplicc! from the TKS tank. The TKS nic^>hanisn> is often sim^ a 
massive amount ol thvrnua inertia with the onersy stored as sensible heat in water, steel, 
stones, otc. Aithounh matericUs which chtmjsc phase offer significant promise, this simple 
thermiil inertia approach was chosen for the Tl':s tank. 

The design of the tank hatl to consider that its rated working pressure was 7 psig which was 
consitlerably below the expected nuiin loop pressure levels. The resulting design utilized an 
internal heat exchai^er ("coil") which both solved the discrepancy in pressure reciuirements 
and also put to rest fears of discharging a reaUy large volume of solution onto the roof. 

As a result, the main loop is circulated within the relatively high pressure coil and the coil 
is in turn submerged in a stagnant tank of liquid. A schematic of the general configuration 
is shown in Figure t-31. The stagnant layer of liquid surrounding the coil wUl thermally 
stratify but the cons, .|uences of this are somewhat negated by routing the main loop fluid in 
through the top and out the bottom of the tank. As mentioned in the control system discussion 
of Section 4.2. 1. when energy is being withdrawn from the TES tank, the flowfhrough the coil 
is reversed; entering in the warm bottom region and leaving from the hot upper region. 
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Figure 4-31. Cross Section Pictorial of Thermal Energy Storage Tank 
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The principle design problem is to nvinimize tha so called approach temperature. This is 
defined in tliis case as the temperaUire differential between the main loop and the stagnant 
TKS fluid. W hile it is a bit of an oversimplification, the significance of the approach tempera- 
til re is that it limits the maximum temperature available when heating the school from the TES 
tank. This occurs because there is a temperature drop from the main loop to the TES fluid 
durinK ihc storage mode and there is also a drop from the TES fluid to the circulating fluid in 
the withdrawal mode. Since the heat transfer rates are likely similar and the two temperature 
drops are additive, the maximum temperature available to heat using TES is the maximum 
tnain h>op temperature less t^^ice the approach temperature. 

rhc approach temperature is a function of heut transfer area and rate and 300, 000 BTU/hr 
was selected as a rate which was likely representative of both the storage and withdrawal 
mofk's. Calculations were made which indicated that approximately 200 square feet of area 
would be required to obtain approach temperatures in the range which was deemed to be 
acceptable (5 to 7^T). This was accomplished using the tube bundle and water box approach 
shown in Figure 4-31. 

A secondary consideration was the venting of the TES tank to allow for expansion/contracUon 
of the TKS fluid with maintenance of acceptably low pressures. The result, also shown in 
Figure 4-31 was to utilize a trapped air bubble with a vent pipe. As the TES fluid warms, 
the lower end of the vent pipe is first covered; further expansion compresses the 10 in. high 
air bubble with the resulting air pressure pushing water up the vent pipe. The total height 
from the bottom of the tank to the open top end of the vent pipe is 12 ft and therefore the 
maximum pressure possible in the TES tank is between 5. 0 and 5. 5 psig depending on TES 
fluid density. A 30 gallon catch tank was placed on top of the TES tank and in series with 
the vent pipe because it was on site and to minimize the spillage during the initial TES 
warm up cycles. 

The basic tank had a capacity of 2000 gallons; the volume occupied by the air bubble and the 
TES coil is 302 gallons and the TES coil and tank are steel and weight almost 3000 lbs and 
1200 lbs respectively. If the tank itself is discounted the thermal storage capacity is 
15. 000 BTU/* F. 
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BEST copy miimi 

Vhv nuLximum heat loss rate was conservatively calculated at 35 BTU/hr for every decree 
l arenheit ot tetnperature dilierence between the TKS fluid and ambient. This translates 
itito a lo:;:i of alwut F over an average winter night, 

t ntorttinately, an error occurred during the construction phase and the TES coil was rotated 
90 degrees out of position which greatly increased the attainable approach temperature to 
approximately 20^F (see paragraph G. l. 4). The configuration as built is showi in Figure 4-32. 
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Figure 4-32. Thermal Energy Storage Tank 
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I sYSTi: M {'(>NTi{()I.s AND INSTIUT MENTATION 
1.2.1.1 Sy .sic III C oniroi s 

TIk' sysU ni conti-ol concfpts ami philosophies were developed essentially in p:irallel with 
the piping network discussetl in Section 4.2.2. The major design soiiis were to: 

1. Ki'ep the controls as simple as possible 

2. Croup the contix>i elements in one area 

.'J. rtili/e as few iictive elements as possible 

I. Provide functions of delivering, storing anil dumping heat from the main loop; 
heating from the TES; and a lockout fuirction to prohibit pumping heat into the 
heating units whenever they eannot utilize it. i.e.. when they are in a refrigeration 
air conditioning mo<le 

5. M;ike the controls fully automatic but with a capability for on site readjustment ami 
a manual override 

«. Packiige the controls as an entity and as "goof proof" as possible 

These go:as were largely met by the control valve/piping functional network selected and 
shown in Figure 4-33. This network required five valves; however, uue of the third bypass 
heat exchanger recjuired two additional valves (designated IB and IC). 

The emphasis on simplicity and a minimum of active elements resulted in a system which 
carries out all the required functions with five basic operating modes. These modes are 
described in Table 4-3. There are addiUonal operating modes which arose due to the philos- 
ophy of not providing solar heat to a heating unit (either AC-6 or AC-7) which is operating in 
the refrigeration mode of air conditioning in which case the appropriate valve 2 closes. In 
addition, there are two "failure" modes; one in the event of an overtemperature safety relay 
closure in either heating unit and the other in the event valves lA, 2A, 2B and 3 would normally 
all be closed (mode 3 with both AC-6 and AC-7 on Ur conditioning). In either case, the sys- 
tem reverts back to the configuration of Mode 1, All of the valves arc motorized but operate 
only in a two position fashion (open/close). 
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rill' system o|H'rati's oH of only two basic input sif^nals; fluid tt'nipi'raturc at the main iniiup 
mUt ni\il tiK 'i i;s lluiii U tnpt ratui t'. Ulu'n the n>ait» loop is too coli! to be useful (bi'bm Mf F) 
thv fhuti is routed thit>uj;h the bypass heat exchangers (Mode I), if concurrently the i l.S 
fluid is hot enough ti> heat n-crirculated fluid to useful temperatures, then tlie TKS sub-loop 
is citvulated slnuiltaneously but isolated from the m:iin loop (Mode 2), The bypass heat 
exchangers (describetl in Secticm -1,2.^.2) are in a steady stream of 70 to 75^ V air bcinn 
exhausted from the builditi^ mul, wheii a combination of the exhaust air and sun on the solar 
eolli'ctors have warn)ed the loop fluid to a usable temperature ran^e, the flow throuj;h the 
bypass lieat exchanger is stopped and How is rcntted through the solar heating; eoils (Mode 
As the main loop tempera *.uri- iwceeds the level retiuired to carry the totiil heating load of 
AC«i and 7, valve '.I opetvs, and a p;irallel fluid flow bt^ins to store energy as sensible heat 
in the TKS tiink (Mode !). Should a temperature (225* F) be reached which is hi};h enough to 
be beyond usefulness and perhaps be foreshortening operational lifetimes, i.e., main pump 
seals, then the system goes into a heat dump mode with flow through the TKS tank and the 
bypass heat exchangers (Mode 5). These five basic modes are modified by two adtlitional 
binary signals which are the only control interface with the heating units. Two relay closures 
were added to each heating ujiit, one to occur whenever the unit goes into a refrigerjition air 
conditioning mode anil the other to occur if the unit's hot deck air ever reaches the lowest of 
three existing internal overtemperature limits (16{? F). Either relay closure within a heating 
unit results in a closure of the appropriate valve 2. 

The temperature set points which determine the operating mode transitions, were chosen 
empirically during the first two weeks of operation (with the exception of 8(f F and 22S^ F) 
which were fixed by system considerations). These determinations are discussed in 
Section 6. 1. 4. 

4. 2. 4. 2 Control Console 

The controls are housed in an autonomous, semiportable,ti"o~bay console locatsd in a small 
control room at the top of a stairwell header leading to the school roof. The console is 
actually divided into two groupings of components; those devoted to system control and those 
devoted to instrumentation. The console is powered by a 120 vac circuit which is connected 
to the school's emergency generator and thus would function in the event of a power outage in 
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the school's lof;iiit>*. The console, and consequently the system, operation is governetl by 
a 21-hour titne el<K.*k which turns the system on shortly before sunrise or 7:00 am (which- 
ever is earlierj and o£f at 7:00 pnu This was done to conserve power consumption ant! 
because, with the nig;!it setback temperature levels in use at the school, there was a nearly 
neK;liM:ible nij;httime heating demand. 

The motori/ed control valves are driven by 110 vac power supplied by the nonsolo. The 
control console also provides the valve control signal (and in the event of any signal failure 
the corresponding Vidve reverts to an open condition). 

The console portion of the control system then is shown In Figure 4-34 and comprised of the 
following components: 

1. Energy Flow Panel. Pictorially Illustrates system status 

2. Temperature Control Meters. Panel mounted adjustable controllers used to control 
system operating modes 

3. Control Panel . Provides on/off, auto/manual, the various component switches 
(operable in the manual mode only), and indicator lights 

•1. Alarm Buzzer . Sounds if pressure differential across main pump Is not maintained 
or the dc power supply fails 

5. Time Clock. Turns control console off at night 

0. DC Power Supply . Primary source of signal power for control valves 

7. Back-up dc Power Supply . A back-up dc source which switches in automatically if 
the primary one fails 

8. Rack Blower. Provides cooling air to the control system electronics 

9. Power Control Panel . Provides circuit breakers for entire console 

The system normally operates in a fully automatic mode with the 24-hour time clock shutting 
the system down during nighttime. 
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SWITCHES 



Figure 4-34, Control Portion of Console 

4.2.4.3 Instrumentation 

The instrumentation is used to obtain data and calculate efficiency. Since the system was to 
be operated primarily in an unattended mode* the selection criteria were to utllii.;.* components 
which would minimize the need for interpretation; i.e. » digital printout, have long term 
stability, and be reasonably easy for the custodians to monitor and the engineers to analyze. 
The instrumentation system is completely independent of the control system. The instru- 
mentation ccmsists of thermometers, thermocouples, flow meters, a solar flux sensor, 
weather instruments, and a data acquisition subsystem. A diagram of the system showing 
the locations of the various sensing elements is shown in Figure 4-35. 
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Hgure 4*35. Boston School Instrumentation Plan 
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riK' (lata acquisition subsystem is housed in the console bay not occupied by the control sys« 
tern and is shown pictoriidly in Figure 4-3(J. It was designed to provide three types of data; 
ciMitinuously recorded, recorded sample, and Mstantaneous display. The continuously re- 
cordeil data consists of six strip charts recording weather data, and "events" which are of a 
random occurrence nature. The sampled data is recorded by a Doric Datalogger which scans 
100 channels every 30 minutes. The instantaneous data displays provide visual Indications of 
the current operating condition of the system. The recorc'.od data is annotated by the school 
eusUxlii r rmally three times per day (time and date for later usage) and the collected data 
is reUirned lo Valley Forge, Pa. normally once per week. Power to drive the recorders 
conies from both the power co-trol panel and the dc power supply as required by the particular 
tievice. 

The continuously recorded data is obtained by "Rustrac" recorders, utUlzing 2. 0 inches 
wide, pressure sensitive paper driven at 1. 0 Inch per hour for the following functions: 



Wind Speed 




Valve IC Open/Close 


Wind Direction 


h. 


Spare Channel 


Humidity 


6. Events in Zone 2 


Ambient Temperature 


a. 


AC-'< First Stage Heat On/Off 


Events in Zone 1 


b. 


AC-7 Second Stage Heat On/Off 


a. AC -6 First Stage Heat On/Off 


c. 


AC-7 Third Stage Heat On/Off 


b. AC-6 Second Stage Heat On/Off 


d. 


Valve 2B Open/Close 


c. AC-6 Third Stage Heat On/Off 


e. 


Main Pump On/Off 


d. Va? v'e 2A Open/Close 


f. 


TES Pump On/Off 


e. Val\ lA Open/Ci ise 


S» 


Valve 3B Open/Close 


f. Vplve , \ Opwn/C»of « 


h. 


Valve 4B Open/Close 



There Is approximately \ five week supply of paper in each recorder. 
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Figure 4-36. Data Acquisition Portion of Console 
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rhe s npled data is the priman* data source for analysis of the system. It consists of 90 
t fumii .< t»r foppcr t'onstanttm ihermocoiiple daUi, nine channels of millivolt analog vollaRcs 
anti one t-alibration reference voltage for a total of 100 channels. Useage of thermocouples 
wiUi the diitalogger as oppuscd to otlicr temperatui*o measuring devices, eliminated comi>ensaiioh 
lot- lead lengths, calibration as installed, and susceptability to power supply fluctuations. In 
adttition. pix^nium thermocouple wire with a guaranteed accuracy of + .75°F was utilized and 
was muted along the steel support stioicture and thraigh dedicated conduits. This pi*ovided 
huoh an effective electromagnetic shield that no "noise" was discemable even on the longest 
leads when a neighboring elevated train passed. The 100 channels of data are recorded 
sctiuciitially on i)rinted paper every 30 minutes which is a marginal frequency for insolaUon but 
adetjuate for the other data. There is approximately a two day supply of paper in the datalogger 
:md, as a conseciuence. the school custodian periodically both annotates and reloads the data- 
logger paper. The first two millivolt channels are utilized for solar flux and loop flow rate 
and Channels 3 through 9 are unallocated presently. Channels 10 through 75 are various 
system temperatures and Channels 76 through 99 are detail temperatures obtained from within 
four instrumented collector panels. A detailed list is provided in Table 4-4. 

The instantaneous data displays are not recorded and are inten'^'^d primarily for visual 
aids tc ascertain system conditions. These displays consist of thermometers, pressure 
gauges, and eight visual flowmeters in the main loop; a panel mounted electronic flowmeter 
and three panel mounted "thermometers" in the control console. Each panel mounted 
Ihdrmomcter is coupled to a ten position switch to enable a selection of a total of 30 iron/ 
a> nsta ntan the rmocouple s . 

The specific locations of the 30 iron/constantan thermocouples is also shown in Figure 
4-35. As can be seen from the figure, the iron/constantan thermocouples are redundant 
to the copper/constantan thermocouples. The original objective was to provide redundanpy 
as well as a check on the more significant system instrumentation. However, the redundant 
instrumentation line feature, had to be sacrificed due to unavailability of copper/constantan 
panel "thermometers" within the required schedule. 
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Table 4-4. Eteta Logger Channel Assignments 



Channel 


Data Point Location 


0 


Internal Calibration 


1 


Pyranometei (Kpply 8-48) 


2 


sy 


stem Flow Muter 


4 
5 




Unallocated 


0 
7 




spares 


8 








9 








10 


Bank "A" 


Inlet Manifold Up-Stream 


11 






Inlet Manifold Down-Stream 


12 






Outlet Manifold Up-Stream 


13 






Outlet Manifold Down-»ream 


14 






Collector 309 Up-Sfcresm 


15 






Collector 310 Up-Stieam 


16 






Collector 309 Dowa-Stream 


17 


Bank "A" 


Collector 310 Dov/n-Stream 


18 


AC-6 Inlet Air 


19 


AC-7 Inlet Air 


20 


Bank "B" 


Inlet Manifold Up-Stream 


21 






Inlet Manifold Down-Stream 


22 






Outlet Manifold Up-Stream 


23 






Outlet Manifold Down-Stream 


24 






Collector 209 Up-Stream 


25 






Collector 210 Up-Stream 


26 






Collector 209 Down-Stream 


27 


Bank "B" 


Collector 210 Down-^ream 


28 


AC-6 Solar Coil Air Exit 


29 


AC-7 Solar Coil Air Exit 


30 


Bank 


Inlet Manifold Up-Stream 


31 






Inlet Manifold Down-Stream 


32 






Outlet Manifold Up-Stream 


33 






Outlet Manifold Down-Stream 


34 






Collector 109 Up-Stream 


35 






Collector 110 Up-Stream 


36 






Collector 109 Down-Stream 


37 


Bank "C" 


Collector 110 Down-Stream 


38 


Main Heat 


Exchanger Inlet 


39 


Main Heat 


Exchanger Outlet 


40 


Bank "Er* 


Inlet Manifold Up-Stream 


41 


1 




Inlet Manifold Down-Stream 


42 






Outlet Manifold Up-Stream 
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Table 4-4. Data Logger Channel Assignments (Continued) 



Channel 


{^tn Point Location 


43 


Bank "D" Outlet Manifold Down-Stream 


44 




4 Collector 33n Up-Stream 


45 




j Collector 334 Cp-Stream 


4(i 




» Collector 333 Down-Stream 


47 


Bank "D" Collector 334 Down-Stream 


48 


Secondaiy Heat Kxchanger Inlet 


49 


Secondary Heat Exchanger Outlet 


50 


Bank "E" Inlet Manifold Up-Stream 


51 




, Inlet Manifold Down-Stream 


52 




Outlet Manifold Mp-Stream 


53 




Outlet Manifold Down-Stream 


54 




Collector 233 Up-Stroam 


55 




1 Collector 234 Up-Stream 


56 


1 


^ Collector 233 Down-Stream 


57 


Bank "E" Collector 234 Down-Stream 


58 


AC-6 Hot Deck 


59 


AC-7 Hot Deck 


60 


Bank "F" Inlet Manifold Up-Stream 


61 




^ Inlet Manifold Down-Stream 


62 




Outlet Manifold Up-Stream 


63 




Outlet Manifold Down-Stream 


64 




Collector 133 Up-Stream 


65 




Collector 134 Up-Stream 


66 




' Collector 133 Down-Stream 


67 


Bank "F" (^Hector 134 Down-Stream 


68 


Solar System Supply 


69 


Solar System Return 


70 


E^nsion Tank 


71 


Thermal Energy Storage Tank 


72 


AC-6 Input 


73 


AC-6 Output 


74 


AC-7 Input 




AC-7 Output 


76 


Collector 101 Inner Window 


77 




* Outer Window 


78 




T Inlet of Absorber Plate 


79 




1 Middle of Absorber Plate 


80 




* Outlet of Absorber Plate 


" 1 




Collector 101 Pan Rear Surface 
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Channel 


Data Point Location 


S2 


Collector 102 Inner Window 


H3 




I k Outer Window 
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Inlet of AbsoiH[>er Plate 


85 






Middle of Absorber Plate 


S6 




V Outlet of Absorber Plate 


87 




102 Pan Rear Surface 


88 




103 Inner Window 


89 




4 Outer Window 


90 






Inlet of Absorber Plate 


91 






Middle of Absorber Plate 
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■ Outlet of Absorber Plate 


93 




103 Pan Pear Surface 


94 




104 Inner Window 


95 




4 Outer Window 


96 






Inlet of Absorber Plate 


97 






Middle of Absorber Plate 


98 


» » Outlet of Absorber Plate 


99 


Collector 104 Pan Rear Surface 



4.2.5 ARCHITECT ENGINEERING TASKS 

A Philadelphia based Architectural Engineering Firm, Baliingcr. was subcontracted to 
provicie consultation as required, generate the structural design and the various drawings 
required for construction» and assist in the selection of a general contractor. Construction 
drawings of the Cleveland School were provided to BalUnger and they participated in the 
familiarization/school selection tours. 

4.2.5.1 Structural Design 

The structural sup.^ort system was required to locate, and retain in their proper relation- 
ships, the collection and distribution subsystems. Further, it was required to transmit, 
to the buildings primary structural system, all vertical and horizontal loads imposed by 
the collection and distribution systems. 



The principal design constraints were as follows: 



1. The roofs horizontal framing system did not have sufQcient reserve capacity to 
support the additional vertical loads of the collection and distr ition systems. 
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2. The !$k>»lights initially appeared to offer closely .spaced support points, and there- 
fotv an economical support system. However, detailed analysjis revealed that 
thi' "ikyUy.hts wvw roof- supported, could not accept additional stresses, and 
must in fact bo isolated from additional stresses; in other words, they hindered 
rather than helped the design. 

3. Corollary to Constraint 2, the buildings columns were revealed to be on 50 foot 
centers, east to west, rather than the 25 foot spacing suggested by the skylights, 
and on a random spacing along the north to south linos, 

4. The entire building framing systen) was composed of relatively light members, 
including trussed girders and tube columns. This is efficient in terms of meeting 
basic performance requirements with minimal material, but does not lend itself 
to modification for superimposed stresses. 

5. Collector panels were available only in a size of 4 feet x 8 feet; the required 
collector area and the available roof area dictated 16 foot high collector banks. 
The collector panels required support only on the 8 foot dimension and could 
span the 4 foot dimension without external support. 

6. The time available for construction dictated the use of "off-the-shelf' framing 
members, and immediately available techniques and skills. 

7. The structure was required to be removable, to the greatest extent possible; 
and preferably in its entirety. 

l>esign and construction proceeded simultaneously. A visual analysis of the building struc- 
ture was made by Ballinger structural engineers. Since the school contract construction 
drawings were of the "performance" type, specific roof members were not delineated or 
described therein. Fabricator's shop drawings were not sufficiently detailed to permit 
quantitative analysis of all roof framing members and connections. Interface details were 
thecefore designed r>n the basis of conservative engineering judgment, and reflect the 
experience of both Ballinger and Boston Public Facilities Department engineers. 



Quantitative analysis of the building columns and footings was possible, and indicated a 
modest reserve capacity, sufficient to accept the additional loads Imposed by the proposed 
Solar Heating System. The design concept thus developed as a longspan structure, bri'lglng 
between columns, and carrying subframes to which the collection and distribution compo- 
nents could be attached. 
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The constraints imposed by the project schedule precluded more sophisticated truss support 
techniques wliich would have !>een evaluated had time permitted. 

• Steel trusses reqiUred design amf fabrication time which was not available. 

• Structural aluminum members, and their fabrication techniques, were not reatUly 
available. 

Accordingly, the system was based on readily available hot-rolled structural steel shapes, 
and techniques familiar to local fabricators and erectors. 

The resulting tiesign utilized rolled steel wide flange girders to span the 50 foot (Hstonce 
between column lines and located to suit the collector panels. The girders were in turn 
supported by wide flange members on the north-south column lines, extending to the majd- 
mum number of available building columns, for maximum distribution of new loads. Steel 
tube posts were welded to tops of the building columns, and detailed to receive the new 
horizontal framing members. At the posts, the existing roof was removed, rebuilt, and 
flashed into the posts for permanent weather-tightness. With the concurrence of the Boston 
Public Facilities Etepartment, the posts will remain in place. 

The structure was then stiffened in the horizontal plane with diagonal bracing members. 
This minimized wracking strains on the collector panels and piping, and improved distribu- 
tion and predictability of horizontal loads imposed on the building structure. 

The collector panels and adjacent piping were supported by trussed "A" frames at nominal 
8 foot intervals, and inclined beams at the intermediate 4 foot lines. This sv, ^rstructure 
was X-braced for lateral stability. The collector panels were assumed to be self-supporting, 
but to contribute nothing to the rigidity of the total assembly. 

With the exception of the weldment of the posts to the building columns, all fleld connections 
were made with high strength bolts. 
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MrnilH'*- si/os nm! CDnnt'ction <lt tails uviv kopt constant over wide ranges, to simplify fabri- 
cation. The improved speed and reliability of fabrication were considered to justify the 
additional material used. 

1.2.5.2 Construction Drawings 

BaUinger prepared construction drawings designated as r-7400-101, 201, 202, 203, 204, 
.•iOi, and 401 which are shown in Figures 4-37 thi«ough 4-43 respectively, 
riicso drawings were provided to both Boston School and facilities personnel as well as the 
constructing contractors. There was a sigrdficant liaison activity and detail modifications 
wore made as required by field conditions, material availability, etc. 
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Figure 4-38. Details of Collector Frame F-l» 
Ballinger Dwg P>7400-201 
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100 Figure 4-39. Plans of Solar CoUeotors» 

Ballinger Dwg P-7400-202 
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Figure 4-40. Details cf Collector Frames 
F2 & F2-A, Ballinger Dwg P>74 00-203 
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Figure 4-4X. Walkway Details, Balllnger 
Dwg. P-7400-204 
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Figure 4-42. Plans of Piping Sjystem. 
Ballinger Dwg P-7400-301 
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SECTION 5 BEST COPT AVMLABLE 

SYSTEM FABRICATION AND INSTALLATION 



The schedule for the fabrication and delivery of various components and the installation/ 
construction of the ej^riment on the roof of the Grover Cleveland School is given in Figure 
Figure 5,1. 
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Figure 5-1. System Fabrication and Installation Schedule * 
5.1 COLLECTOR FABRICATION EXPERIENCE 

Considering the fact that the first prototype collectors were completed only five weeks aftc^r 
program start, fabrication problems were minimal. Problems worthy of note are discuestKi 
briefly below. 



5.1.1 WINDOWS 

After approximately a week's delay in material shipment due to the trucking strike in January, 
the Lexan sheet stock was received at the forming faclHty. Some initial processing and 
equipment problems in achieving desired window flatness were overcome with the assistance 
of General Electric Plastics Department engineer* , personnel. In subsequent production, 
tolerances on outer window length and width (measured inside the sealing lip) hmt to be 
relaxed to meet schedule commitments for the desired production rate. In the case of some 
wiMlows which were undersize, a subsequent problem was encountered in the field; this is 
discussed in Paragraph 6.2.5. With this exception window yield was good and the flexible 
lightweight vindows were found to be simple to handle and install. 
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ih\ initinl nssomblics, the inner window was retaimni by a few relatively short Lexan angle 
clips which helfl it against the Kydex shelf and were riveted to the Kydex wall above the shi*lf . 
ik^c-tuse of ijowing or lifting of the inner window between these clips in the initial P3-0 thermal 
testSt more clips were raided in subsequent production groups. Ultimately » as soon as 
niatednt could be obtained, continuous edge retention of the inner windows was provided on 
nil rt*mnining units of the 148 collectors produced. The angles are installed in a manner 
which permits free thermal expansion and contraction of the inner window without permitting 
inter window convection losses via gaps around the edges of the Inner window. 

Becnuso of the flatness problems e}q>erienced in early production outer windows, it was not 
possible to depend on the adhesion of the sealant to ensure a reliable long term continuous 
bond between the outer window and the collector pan. For this reason* several retaining 
scri'ws were inserted into the pan sides through expansion<-clea ranee holes in the sealing lip 
of the outer window. 

5.1.2 ABSORBER ASSEMBUES 

Only one experimental collector was cast with foam insulation before "production" collectors 
wore prcxiuced. Some sealing problems relating to liquid (uncured) foam containment were 
experienced and solved as a result of the first casting, and a usable absorber assembly 
resultcfd from the second foam attempt. This unit was subsequently assembled with two early 
production windows which had been rejected for non-flatness, and became the first full scale 
P3 test collector (P3-0). This unit is still used in testing at Valley Forge. 

Fluid connection tubing nipples were inserted into the welded adapters on the absorber plates 
through cutouts in the frame pan after foaming. Lack of adequate control on tightening torque 
on theso parts of assembly resulted in some loose joints which developed leaks in the field. 

There was considerable variation in the amount of foam applied to each absorber due to the 
lack of time to develop a more consistent procedure/equipment comUnation. This was not 
initially thought to be a problem but ultimately aggravated a panel/ window separation problem 
(discussed in Paragraph 3.2.5). 
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5.2 SYSTeiM INSTALLATION 



5.2.1 CONSTRUCTION PHILOSOPHY/APPROACH 

Thf Icxsntion of the expo rlmcnt» being in Boston and remote from the General I::iectric Spncf 
l>ivision»complicated the project. This was of special concern for the critically timed 
construction/installation phases. As a consequence, it was decided that the most prudent 
approach was to employ a general contractor who would: 

1 . Be famiUar and provide guidance regarding local conditions, i.e., regulations, 
suppliers, labor unions, etc. 

2. Recommend and coordinate sidl>contractors. 

3. Provide on site supervision and miscellaneous labor as required. 
Ballingcr, the Philadelphia based architectural engineering subcontractor, had previous 
expcrienoe with various contractors in the Boston area and was relied on to provide 
recommendations. Two qualified general contractors were interviewed in Boston by Gcnexai 
Moctric and Ballinger and one, Vappi and Co., selected. The major reasons for their being 
selected were (1) their quite positive commitment to meet cost and schedule requirements, 
(2) the quality level (reputation) of their subcontractors, and (3) their past record of high 
performance/quality work. 

Discussions with Vappi led to a decision to prefabricate all possible components, i.e., steel 
frames with mounting holes, headers, etc. This was done to minimize the susceptibility to 
inclement weather and in the expectation that it would speed the overall progress of the Job. 

It was apparent during these initial discussions that this would be a virtually all union labor 
type of installati(m. In subsequent meetings with Vappi personnel atkl their sidicontnictors 
schedule demands were further emphasized and the possible consequences of a union dispute 
discussed. The "solar coUeotor panel" constituted a new item and there was a question as 
to which trade would have Jurisdiction. This was ultimately settled with the steamfitters being 
the ai^licable craft. In order to minimize the possibility of ai^ other jurisdictional disputes 
arising and slowing the Job, Vappi coordinated the subcontractors to minimize instances 
when related crafts were on the Job site, i.e., sheetmetal workers and insulation installers. 
As a result, no actual disputes occurred. 
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Interestingly though, there was an afternoon of discussion as to why the cotlcctoits with their 
formed, sheet aluminum i»ns were not in the province of the sheetmctal workers. The 
question was settled with the feict that the collectors came from out of state in a fully 
assembled condition. However, it was apparent that on site assembly would have required 
two or possibly three trades. 

One of the reasons for choosing the Cleveland School was the ability to physically isolate tho 
work from the active school areas. By and large, this was accomplished. However, there 
were two activities which were potentially disruptive: 

1. The cutting of holes in the roof to structurally tie into the building. 

2. The modification of the heating units required three days when no heat could be 
suf^lied. 

Fortuitously, there was a one week mid-winter school vacation scheduled for February 18 to 
22 which was the time this work was scheduled. 

Another major area of coordination was intended to be crane utilization. Since the school 
roof was basically accessible only from the street in front, the intent was to group all the 
steel erection and heavy Ufts together to minimize the time (and cost) that large cranes would 
be required. This was successful in terms of the large ($IOOO/day) type crane but circum- 
stances combined to make multiple usage of smaller cranes necessaiy, i.e., truckers 
strikes, steel delay, etc. 

5.2.2 INSTALLATION SEQUENCE 

The overall schedule for this phase was given in Figure 5-1. The relationship of the various 
activities is shown in Figure 5-2. 
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Figure 5-2. Relationship of Xhstailation Tasks 

The initial point was the installation of stiib oolum extensions to extend the ssleoted building 
columns through the roof and provide attachment pads for the collector support steel. 
Figures 5~3, 5-4 and 5>5 show respectively the stub oolunms, cutting an access to a building 
column, and welding on a stub. The Urst colunm was put in on February 13 and this phase 
was completed February 20. 



The modification to insert the hot water f 'solar") coil into the two rooftop heating units was 
also accomplished in this time frame. Figure 5-6 shows the hot deck region prior to modi- 
fication. The hot deck exit dampers are on the right edge of the fig^ure and it can be seen 
that the electric coil does not entirely occupy the hot deck volume upstream of the dampers. 
Figure 5-7 shows the electric coil removed fromthe hot deck (the adjacent AC-6 heating unit 
can be seen through the resulting opening in the far side of AC-7). The electric coil was 
inverted vi^ch placed the void volume noted in Figure 5-S on the upstream side of the electric 
coil while maintaining the coil's mounting interface with the cabinet of the heating unit. This 
void was then filled by inserting the solar coil as shown in Figure 5-8. The completed 
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instnliation is shown in Figure 5-9 as piping was being installed. Relocation, or rc-inversion 
of somo mercury wetted relays and the addition of five instrumentation/control relays was 
thm nccomplished in the control cabinet on the opposite side of the unit. Thermocouples 
wci*i> also placed in the airstream upstream of the hot deck* between the solar and electric 
coils, and in the hot deck exit air plenum. 

Thv steel erection was done In two stages; first, the entire horizontal array of dunnage beams 
was put in place and^seconc^the triangular cc^eotor supportix^ trusswork was erected on the 
(hiniinKe beams. A large crane was utilized to place the dunnage beams, lift the TICS tank 
ami, {M3cause of its long reach capability, to set much of the supporting steel for the center 
and rear (north) rows of collectors. The plan was to finish the center row first since all of 
the mechanical equipment was concentrated there and it was the hardest to reach by crane 
fmm the street (the rear row could be reached with some dlfficully using a small crane from 
a very narrow back street). The front row was finished second because of its accessibility 
and visibility, with the rear row being left to last. The erection technique was to place the 
triangular bents which occur on nominally 8 foot centers along the dunnage beam, tie them 
together with the top header support channel, and then attach the Intermediate tee beams 
which fall between the bents thus providing attachment points for the 4 foot wide collectors. 
Figure 5-10 shows a small crane lifting a section of header support channel to the front row. 
Figures 5-11 ai^ 5-12 show the attachment of a channel. In Figure 5-12 it can be seen that 
the center row of steel is aU in place. Figure 5-13 shows the front row of steel after 
completion. 

The TICS tank at approximately 4500 pounds was one of the heavier individual lifts. Figure 
5-14 shows the tank set in place behind the center row support steel and Figure 5-15 shows 
it with the piping in progress. 



The bypass heat exchangers were also Instelled in this time frame. Figure 5-16 shows the 
two main coils in place around the ventilating blowers, but without the conical covers in place. 
The conical cover was made up in Boston based on "as instelled" dimensions to insure a good 
fit. Rubber hose was utilized to connect the aluminum coils to the copper piping to preclude 
direct coj^r/aluminiim contact and minimize the likelihood of galvanic corrosion. The hoses 
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Bhown in Figure 5-1 G did not prove adoquatu, and had to be replaced with a reinforced version. 
Figure 5-17 shows the finished installation. 

The collector panels were shipped to the site in specially made reusable crates* each holding 
10 collectors. The loaded crates had a gross weight of about 1400 pounds and were hoisted 
onto tlie roof using a small crane as shown in Figure 5- 18, The collectors themselves were 
covered with black polyethylene as the last operation of final assembly. This was done to 
minimize the absorber plate temperatures which would be experienced during installation 
prior to initiating water flow. Black polyethylene was less desirable than white for the pur- 
pose but was more available. The collectors assembled late in the program utilized clear 
polyethylene over white "butcher paper." Figures S-19, 5-20, and 5-21 show cUlectors 
being removed from the crates, carried to the center row of steel, and slid into position. 
Since the collectors weigh nominally 100 pounds apiece, these operations can be done by two 
men; however, three wore frequently used to facilitate guiding the panel into position over 
the pre-drilled mounting holes. The upper panels were somewhat more difficult to install 
due to the height inconvenience as typified by Figure 5-22. The first bank installed (Bank B) 
in its nearly complete state is shown in Figure 5-23. 

As soon as a complete bank of collectors was in place, the prefabricated headers were 
installed and connected to the piping network. Again rubber hoses were used to connect and 
electrically isolate the aluminum absorber plates and copper headers. The bank was then 
checked for leaks using Boston fire hydrant water pressure (25 to 30 psig on the roof) and 
with the bank isolated from the main liquid loop. Following the leak test the bank was drained, 
refilled with a water/glycol solution, flow initiated, and the polyethylene covers removed so 
that the bank would become operational . Figure 5-24 shows banks B and E ready for removal 
of the covers on March 6. Again the height of the top collectors somewhat inconvenienced 
cover removal as shown in Figure 5-25. 

The electrical work nearly paralleled the collector installations sinct? use of the main pump 
and cycling of the motorized valves were required to operate the loop. 
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The installation of instrumentation was only slightly behind the collector installation activity. 
Thermocouple wire was strung through conduit and routed to the intended location. At the 
selected location a thermocouple bead was formed by welding and then soldered to the pipe. 
The three exceptions to this procedure were the use of immersion thermocouples to measure 
collector outlet liquid temperature at the main pump inlet and the stagnant TES liquid temp- 
ernture and also the use of prepared thermocouples inside the Nesbitt heating units. The 
school loaned use of their shop area for a few hours to facilitate assembly of the weather 
station shown in Figure 5-26. It and the Epply Model 8-48 pyranometer were installed 
high on the west end of Bank B as shown In Figure 5-27. The instrumentation, which was an 
integral part of the piping network, i.e., flow meters and immersion thermometers, was, of 
course, installed as the piping network was assembled. 

Insulation was normally the last physical act of installit^ on a given section of the system. 
Of necessity, it had to follow both the leak check and instrumentation operations. The insula- 
tion consisted of a semi-rigid fiberglass sleeve with a protective aluminum sheath being 
applied over top of it for straight runs of pipe. All fittings were insulated with fiberglass 
battix^ encased in formed to fit, protective plastic sheaths. The flow balancing valves and 
connecting hoses to the collectors were left uninsulated since it appeared the cost ami result- 
ing complication were not warranted by the potential heat saving. The TES tank was insulated 
in the same manner as the pipes except tlnat two inches of insulation were utilized and the ends 
were plastered with a mastic compound to provide a weather seal. This is shown in progress 
in Figures 5-28 and 5-29. 

^stem checkout was basically control console related and consisted of connecting instrumen- 
tation leads, verifying valve controller operation* and checking the general integrity/ 
capability of the system for unattended operation. 

The system went operational March 6 with banks B and E on line. Bank F followed about two 
days later with Bank C a few days after that. The effects of a truck strike in the northeastern 
states and a crane operators strike in Boston then slowed progress and the last banks (A and 
D) did not become operational until March 20. 
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Figure 5-3. 




Figure 5-4. 




Figure 5-6. 
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Figure 5-17. 
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Figure 5-23. 




Figure 5-25. 



Figure 5-24. 
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Figure 5->26. 



Figure 5-29. 




Figure 5-28. 
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5. 2.3 INSTALLATION SUPERVISION AND REPORTING 

As mentioned previously* Vappi provided a supervisor who was on the jd> site virtually full 
time and was responsible for the conduct of the installation. In addition. General Klectric 
provided the program manager, the project engineer, and the instrumentation/controls 
engineer on site throughout most of the installation/checkout period. Their role was to: 

1. Provide consultation as required to make "on the spot" decisions. 

2. Install and checkout the control console, thermocouples, and data acquisition 
subsystem. 

3. Provide whatever interfacing was required to keep the city and school personnel 
abreast of the project. 

4. Insure that the system was installed in the manner intended. 

Daily tabi'.lations were kept and weekly time sheets were submitted by Vappi which itemized 
the time, materials and labor categories ejqpended during the week.^ 

Each week a one-page top summary report of the most significant items related to the project 
was submitted to the National Science Foundation. The text of these reports is provided in 
Table 5-1. 

5-3 COSTS OF FABRICATION AND INSTALLATION 

The costs associated with a project such as this solar heating experiment are always of 
considerable interest. However, the costs incurred in this project are not expected to be 
representative of future solar heating installations. This was the first solar heating instal- 
lation for all of the subcontractors and costs associated with 'learning" and new product 
assembly line startup were experienced. In addition, some urgency was attached to the pro- 
ject in order to obtain real data during the 1973/1974 heating season. 

Other construction cost producing factors were: 



The heavy but readily available steel support structure which compressed design 
time and municipal approval cycles. Additional indirect costs are also attributable 
to this design structure, i.e. , crane costs. 
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raoC»£SS REPORT No. X N8F-C-869 
Solar Keating E>^rtment: 
Qrover Cleveland S^tiddte SelKH>l 
BoAton, Massaohusetts 
Jamiary 25» 1974 

1. G£ engineers and Ballinger* the A6E suboontraetQr.made a detailed 
Inspection of tbe Orover Clevelaod School on 22 January. 

2. G£ and the F^lfc Facilities Division of the City of Boston jointly 
prepared a working agreement on 23 January. Both parties are 
reviewing ttie agreement prior to final signing • 

3. The a>lar heating system desiKn is proceeding aecordit^ t» schedule. 
Purchase orders have been placed for all long lead time itema» 
Mivery dates support the operational date, 

4» The stnioturai design is progressing on schedule. The Vaf^i 
Construction Company has been sheeted to perform the con- 
struction and installation. 


raOGRESS REPORT No. 2 N8F*C*^869 
Sdar Heating Experiment 
Grover Cleveland MidcSe School 
Boston. Massachusetts 
Februarys 1974 

1. The Solar Collector Panel layout has been complied. 

2. The P^ttg Schematic and aisii^ has been oomirfeted, 

3. The Control ^rstem Logic Design is in work and is on schedule. 

4. The Instnunentalioa System Design is oomi^eted. All parts are on order. 

5. The Solar Collflotor assemblv otonttSA is ofoinreaftinff RatinfAfiiArilv* Alt 
parts except the windows have been received. The window delivery di^ 
are on sohechile. 

6. Pretimi^^Lxy structural drawings were transmitted to the Construction 
Contractor for measurements. Final drawings will be completed and 
taken to the City of Boston and the Contractor approximate 5 February. 


raOCR£SS REPORT NO. 5 KSF«C>8ft9 
Solar Heating £iq)eriment 
Grover Cleveland Middle School 
Boston* Massachusetts 
Pebrtiary 22, 1974 

1. Construction is progressing extremely well. The center Row A-frames 
are installed. The **r' beams are installed for the firont row and 
installation of the support structure has b^un on row 3. 

2. The thermal energy storage tank was d^ivered to the school on 
Friday for installation* 

3. Solar Collector Assembly is proceeding* 57 panels are in Final 
Assembly and will be shi^ied to Boston over the weekend. Need date 
is Mond^. Fd>. 2& 

4. The Control and Data System fabrication is 90i% completed and will be 
shipped to Boston for emplacement on Mondas^Feb. 25. 


niOGRE^ REPCmT NO. 6 NSF-C-899 
Sdar Heating Experimet^ 
Grover Cleveland Mitlkfie Sohooi 
Boston* Massaohusetta 
March U 1974 

!• Center row of cdleotors ta all installed. System will be filled 
between 4-5PM today* ^sterns checkout will continue. 

2. All sted is in |dace. 

3. Thermocouple instrumentation is being lr.stalled. 

4. Contrd and data system is being checked out. 

5. The thermal energy storage tank has been installed and the instru- 
mentation is being installed. 


PROGRESS REPORT No. 9 NSr-C-869 
Sdar Keating Experiment 
Grover Cleveland Middle School 
Boston. Massachusetts 
March 22, 1974 

I. The solar lieating system on the Grover Cleveland school was dedicated 
Tuesd^. March 19. 1974. 

2a All 144 solar eolleotord iii*a infftallflrt. vir^etv aiv^ fuiiv AfM»rBftAMtti*rKA 
Other 54 are being checked out and will be brought on line Monday. 
March 25, 1974. 

3. The system has supplied l^at to the Grover Cleveland School every 
day since March 6. 1974. ffiecept for two olou^r days. 

4. All instrumentation is installed and is being checked out. 
5* The control ^stem is functioning in the automatic mode. 


m>GR£SS REPORT NO. 19 NSF-C-869 
Solar Heating Experiment 
Grover Cleveland MIdcfle School 
Boston, Massachusetts 
March 29, 1974 

U All odleotors are in><talled. The system has been c^rating in automatic 
mode all week. 

2* Construction dean-t^ is still in process. Insulation and roofing work are 
the major remaining tasks. 

3. Solar collector Serial #138 developed a leak at the input connection. The 
collector wUl be removed and ref^ed with a new coUectori Serial #138 
will be returned to VaU^ Forge for faUure analysis. 
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Table 5-1. Progress R^rts 



BEST COPT MNMJIBLE 





PROQHESS REPORT No. 3 N8P-C-869 
Solar KeaUng Experiment 
Graver CteveUnd Middle Schocl 
Bostocv MasBAChusetts 
Fe!>nmry % 1974 


KKXmESS REPORT KO. 4 r»F-C-86» 
Sdar Heating Es^riment 
Grover Cleveland ^fiddle 8oho<A 
Bostoot Maasaohnaetta 
February 14, 1974 




!• The material for the win<k»ws of solar oolleotor was delayed by the 
trucker's strike. The material has been delivered and the vendor la 
proofing his tooling s»ior to produotlon* 


1. Coostnotlon at tike Qrover Cleveland School has started. One stub 
column was toatalled on February 13. The water and «tow on the roof 
cmted an unexpected delay in qpeniog the roof (gt welding. 


order. 

AU 
dates 

on 


2. Meetings were held with the General Construction Contra^r (Vappl) 
and his stdwootraetors to eiqplaln Uk ^aak and sohedtile* Initial estl- 
mmes of cost are higher than anttolpated. The cost e^matea are 
being refined and shmdd oome down as more details are made avail- 
able to the mthr^notraator. KU sidwot^ractora Indloate th^ ^ould be 
able to BMt initial aystems operational date of 1 hfaroh* providing 
there are no further delasra of material shipments. 

3. The final stnietural drawings were shipped to the oonstruotlon con- 
tractor and the City of Boston. The meohanleal drawings and the 
eleotnoal drawii^s wiU be ah^^ by Mondny^Fobraury 11. 

4. The control system and infitrumentallon deaign and fabrioatlcm la 
proceed! Dg on schedule. 


3» Tb» fte^ suR^oit structure for Row 8 of tSe eoUeotora la being 
fiibnoaled in Boston. Breotion is scheduled to start on Tuesday. 

3. A Thermal Energy Storage tank st^q^tier baa been Itound. Delivery 
date baa been promised to support the irrational need date. 

4. T1» to<^ng fnr forming the windows tw the solar coUectora haa been 
proofed. Production of windows has started. 

5. The Control Panel and Data System are being fabrteated. 




moaR£SS REPORT NO. 7 2«SF-C*^» 
Solar Heating Experiment 
Grover Cleveland Middle School 
Boston, Massachusetts 
March 8, 1974 


I^IOi^ESS REPORT NO. S NSF-C*869 
Sciar Keating &9enmeot 
Grover Cleveland Middle Sohoed 
Boston, Maaaaohuselta 
March IS, 1974 




1. Since the center row of collectors is (^rational* solar heat was 
an^ed to the Grover Cleveland School on March S» 1974 at 
4:10 pm. 

2. Twenty-six of the cdleotora in the front row are installed and 
oonnected. Filling is In proeeaa. Installatton has started on 
ti)fi rfimainliiflt collcetorft on thB front roiar^ 

3. The electrical installation la easentlally complete. Clean* 
up tasks are in process. 

4. The control system is 90% oomplele and is operating In the 
manual mode. 


1. The Grover Cleveland School has received heat from the solar heating 
syatem every day since Maroh 6, 1974. 

2. Ninety solar oolleotora are installed and working. 

3. The thermal energy storage ay^m is installed and heated to 180* F. 

4. The system haa been operMtig in the automatio mode, eheole^'Ottt la 
oontinuiiig. 

5. The remaining collectors are on site and are being installed. 




5. The data aystem is approximately 50% connected. Installstlon 
is still in process. 






6, The thermal energy storage tank is being filled. 






mOGRESS REPORT NO. 11 N8F"C^869 
Solar Heating Experiment 
Grover Cleveland Mldffle School 
Boston* Massachusetts 
April 5» 1974 




lio 


1. The system installation is complete, and has operated in automatto mode 
all of this report period. 




le 
38 


2. Construction olean-i^ <roof repair and painK,«> la Aitt Ib prwMa. 
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• The selection ot subcontractors was based on past abiUty, ability to support the 
schedule* and enthusiasm for woridng on a solar project instead of a normal com'- 
petitive bidding. 

• The '^wildcat" trucking strike which necessitated circuitous routing of materials 
around various violence prone regions of Pennsylvania and New Jersey and the use 
of vehicles tranaporting partial loads. 

• Some increase in estimated costs can be attributed to changes in work scope which 
occurred as the Job progressed. 



The differences between the estimated costs and actual costs as shown in Table 5-2 reflects 
the impact of these factors. 



Table 5-2. Cost Summary for Grover Cleveland School Solar Experiment 



Item 


Estimate $K 


Actual ~ $K 


Solar Collectors (matU and 
mfg labor for 4608 ft?) 
General Contractor (VAPPI) 


69.2 
18.0 


75.6 
22.0 


Steel Fabrication 


27.0 


36.2 


Steel Erection 


10.0 


8.6 


Plumbing 


35.0 


41.2 


Electrical 


3.0 


7.0 


Roofing 


3.0 


4.3 


Totals 


165.2 


104.9 
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SECTION 6 
SYSTEM OPERATION 



The system became operational on March 6, running in the manual mode with only Banks B 
and E on line. Successively, the automatic control sjrstem, tiie TES tank, and the 
remaining banks were farou^t on line with the fiill system in operation on March 25. 
However, control valve lA was erratic and did not respond to a close command. Various 
solutions were attempted bat finally the motor subassembly was replaced and the system 
began functioning in the expected .r^anner starting April 16. The principal effect of valve lA 
remaining open was to dump heat via &e main bypass heat exchangers while heating the 
school and/or storing heat in the TES tank. 

Since March 20, tiie system has operated basically in an unattended, fiiUy automatic mode. 
General Electric personnel w^e on site for most of the month of March with the principal 
activities being physical site cleanup and minor modifications to improve the overall 
system reliability* Here were two relatively major failures which occurred, fortunately 
botii happened during the period GE personnel were on site; the main pump motor foiled 
one of its bearings and one collector absorber plate weld failed. Other than these 
instances, ^ich were both early life type failures, the system has operated flawlessly. 

It became obvious when checking out the system and first examining the data that good 
heating systems are not easily used analytical laboratories. Simple aarrays of a few 
panels are much more usable for obtaining actual collector performance data. A "real" 
heating system must operate in a flexible manner which means multiple operating modes 
with var3ing heat loads. Tliis combined with significant thermal inertia terms results 
in a system vAdch is normally in a transient condition. As a consequence, emphasis 
must be placed on data integrated over the day with '^point" performance figures- being 
interesting but not particularly meaningful. 
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Much of the data which can only be obtained with this type of experiment — • lon^c term 
system operational effects •» has yet to be obtained. Hopefiilly, this will be possible in 
the &iture. 

The s(ihcdulc summary for the operational phase of the project is shown in I'igure G-l. 
Photographs of the completed system are shown in Figures 6-2 through G-fi. 
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Figure 6-1. System Operation Schec&tlo 



6.1 FLUID LOOP CHARACTERISTICS 

The working fluid tor the fiQrstem was a sohition of Boston wat^ and a commercial grade of 
ethylene glycol containing corrosion inhibitors and manufectured by BASF Wyandotte. The 
sohition ratio was 70 percent water, 30 percent glycol. Loop liquid inventory was measured 
via a water meter during the leak checking operations. While there is some uncertainty 
due to an operational error which occurred, the indicated total loop vohime was between 
200 and 250 gallons. 
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Figure 6-2. Photogrs^ of Con^leted System (Front of Scbool) 




Figure 6-3. Photograph of Completed l^ystem (First Two Rows) 
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Figure 6-4. Photograph of Completed System (Rear Row) 
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Figure 6-5. Photograph of Completed SyBtom (Aerial View) 




Figure 6-6. Photograph of Completed System (Control Console) 



(i. 1 SCHOOL HEAT LOAD BEST COPT AVAILABLE 

The two roof mounted heating units have identical 410, 000 BTU/hr heating capacity and 
according to the plans were thought to have identical heating demands. As a consi^fUfnco, the 
sol;ir hcatinu system was designed based on identical 30 gpni liciuiU flows through caeh solar 
hctiting coil. IXiring the initial days of operation, it was noted that the solar heating system 
could satisfy the heat requirements of AC-7 rather easily: however, electrical heating in 
addition to solar heat was required by AC-G for several hours after the AC-7 heating load 
was carried by the "solar" system. As a consequence, during the system chectout phase 
the AC-«/7 flow distribution was intentionally unbalanced, the Intent being to determine a 
point which resulted in both units* heat loads being totally assumed by the "solar" system 
at alKHit the same time. This was done to maximise the effect of the "solar" system on the 
electricity consumed for heating and also to equalize the temperature drops. This also 
slightly lowered the average liquid temperature and slightly raised the loop efficiency. 
UnfiDrUtnately, it appeared that a flow imbalance ratio of approximately 4:1 would be 
required which was not deemed practical due to: 

1. The reducing effect of the additional parasitic pressure drop on total 
loop flow rates 

2. The very low loop flow which would result in the event of a normal 
heaUng condition (mode 3) with AC-6 on air conditioning (valve 2A 
closed) 

'llic second reason is actually a little remote since the exhibited air conditioning demands 
on AC-7 were found to be larger than those on AC-6 and thus AC-6 would normally only 
go into un air conditioning mode after AC-7. However, the condition is possible and these 
two reasons caused us to limit the flow to a 3:1 ratio. With this ratio the total heating 
load of AC-6 was satisfied by the solar system typically 20 minutes after AC-7 was 
satisfied. The flow imbalancing introduced a delay in satisfying AC-7. but it appeared 
small, of the order of 10 minutes or less. 

6.1.2 FLOW DISTRIBUTION 

One bank (Bank C) was more highly instrumented than the others, having both collectors 
with internal instrumentation and flow meters with which to read flow through each of four 
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collector tandem i>airs. As mentioned in the Design Section (Paragraph 4. 2. 2. 1), an 
improperly designed header in a "Z" flow path network would result in a large flow through 
the end collectors and a low (or possibly zero) flow through the middle collectors. The 
performance of the headers in this system was checked using the flow meters on Bank C. 

Before discussing the test it is important to understand the geometry. Referring back to 
the instrumentation schematic* Figure 4-35, it may be seen that collector flow meters 
:ire in series with the total outlet ffow from the first, second* fifth, and eleventh collectors 
trom the west end of Bank C (specifically, collectors ^102, 104, 110 and 122). Since 
the flow meters are compfiratively large devices with various mounting restrictions and a 
significant distance separating the inlet and outlet ports, a different outlet flow path 
resulted in these four locations. The comparison of the collector to outlet header 
connection with and without flow meters is shown In Figure G-7. The net effect of this 
difference and the flow meter itself were found to produce a significantly higher pressure 
drop coefficient for the collectors with flow meters. This effect was nearly obvious after 
the fact but unfortunately was overlooked in the design phase. As a consequence, the header 
performance had to be based on three separate tests, the first two of which were done prior 
to removal of the polyethylene covers. 

In the first test all balancing valves were opened completely ^^•ith the result that all four flow 
meters read zero. This meant that the pressure drop through the metered collectors was 
significantly higher than either the non-metered collectors or the header. 

In the second test, the balancing valves feeding the non-metered collectors were closed leaving 
the header serving only the first, second, fifth and eleventh pairs of collectors. The following 
(low rates were recorded: 

Collector Flow 
102 7. 0 liters/min. 

104 7.0* liters/min. 

110 6.6 liters/min. 

122 6. 8 Hters/min. 

*Could not be read exactly due to visibility problem. 
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Figure 6-7. Comparison of Collector Header Connection uith and without Flow Meter 
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Widlc the total header flow was slightly lower than the normal operation point, the closeness 
and pattern of the readings implied a naturally uniform flow dlstritxition. 

The bank was then operated for approximately three weeks until leakage problems with the 
collector flow meters forced their removal. During this time period the flow through Bank C 
was balanced by adjusting the balancing valves to obtain uniform readings of temperatures as 
measured by a probe contacting the outlet hoses. This was not the most satisfactory of pro- 
cedures but it su^ced and the indicated spread was 120° to 132°p. The position indexes on the 
balancing valves fell into two very uniform groupss ~ 5 for the non-metcrcd collectors and 15 
for the collectors with flow meters. 

The third test was probably the most meoningftil. It was made possible by the removal of the 
collector flow meters and substitution of a length of pipe. This retained the length of the 
metered flow path and the twice "normal" flow rate but removed the pressure drop associated 
with the flow meter poppet itself. For this test each of the 22 outlet hoses were instrumented 
identically» close to the collector using clax*^ped-on thermocouples. The exterior of the hose 
was then insulated to make the readings more representative of the outlet liquid temperature 
and all balancing valves were opened completely. Outlet temperature readings were taken 
during a condition when a large temperature rise across the collectors existed. Table 6-1 
presents these readings. As can be seen the total spread with the identical fUll open valve 
settings is approximately 56^F, with coUectors 102, 104, 110, and 122 all being above the 
average of the non-metere "panels as would be e3q>ected (lower than average flow rate due to 
a higher than "normal" outlet pressure drop which results in a greater than "normal" tem- 
perature rise). Not surprisingly, panel 110 had the highest temperatures. The comparatively 
low readings on the west outlet of collector 102 and both on 104 (relative to 110 and 122) is 
not known: it may have been the slight breeze from the west, ill fitting insulation or a com- 
bination. In any event, the significant conclusion was that the seven non-metered collectors 
exhibited good uniformity ranging from 152^ to 162^F. Based on theeo results it was deemed 
unnecessary to attempt improving the flow distribution in the other banks by use of the balancing 
valves. It was also decicted to leave the distribution at Bank C as it was (valves wide open) 
and monitor the collectors to observe any hot panel efiects which might occur. 
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Table 6-1. Bank C Collector Outlet Hose Temperature Distribution 



Panel Number 


west/East Hose 
Temperature - 




163/194 


XXrt 


159/164 


1 (Id 


161/159 




157/160 


110* 

X <4b V 


tisH/ ^04 


112 


lol/lOifi 


114 


159/161 


116 


156/158 


118 


156/158 


120 


152/160 


122* 


195/186 



♦Former location of a collector flow meter. 



Some SncJication of a probable poor flow distribution within the coUectors was obtained with 
the co?»ector flow meters prior to their demise. The original design point flow rate was 0. 8 
gpm/coflector; however, whenever there was bright sun on the ^j'stem with this flow rate, steam 
bubbles could be seen rising with the flow stream as it passed t^ augh the glass flow meters. 
This was evidenced numerous times with outlet Uquid temperatu. iB as low as 180**F and 
pressures as high as 7psig (at the flow meters). The steam bubbles would cease with a 25 
percent flow rate increase to approximately 1.0 gpm/coUector. The steam bubble flow 
could not be heard in the hot return feed pipes, indicating their coUapse either in the outlet 
header or the physically lower (and higher static pressure)retum feeders. The postulated 
cause of this phenomena is one or more "slow flow" channels within the absorber plate. 
As a consequence, nominal flow was increased to 1. 0 gpm/collector for the normal heating 
condition (Mode 3) with the knowledge that the most credible other modes would all produce 
higher flow rates. 
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FLOW RATES IN VARIOUS MODES ^^muwKQ 
As noted earUert the ^stem has five basic operating modes which can be modified by occur- 
rences within either Nesbitt heating unit. These occurrences are the existence of a so called 
'•first stage'* overtemperature condition (165^F) in Ihe hot deck or the usage of the lefrigeration 
cycle air conditioning system. The effect of either occurrence is identical; the closure of the 
corresponding valve 2 to discontinue hot liquid flow through the **solar** coil. As a consequencct 
there are a total of 11 possible flow path configurations for the i^stem. 



TXiring a period with minimal solar flux, the ^stem was cycled through each of the possible 
configurations manually and the various flow rates measured. The results are given in Table 
6-*2. It can be seen that there is good agreement between the control panel total flow meter 
and the sum of the two flow meters on the heating units (in Mode 3) but not as good agreement 
with the sum of the six bank flow meters. As a consequence, the six bank flow meters were 
utilized only for balancing bank to bank flow distributions on the assumption that the relative 
readings were more likely to be accurate. 



Table 6-^2. System Flow Characteristics 



System 
Operating 
Mode 



Liquid Flow^'^n^ 



Solar Pane! Basks 



Heaters 



AC 6 



AC? 



Panel 
Meter 



Pressure*^ pslrf 



Main 
Pump 

Out/fe 



TES 
Pump 

Out/In 



12.75 
12.75 



12.25 
12.25 



11 
11 



14 
14 



11.25 
11 



11.50 
13.50 



2 With 2A Closed 

2 With 2D Closed 
.1 

2 With 2A Closed 

II With 2B Closed 
4 

4 With 2A Closed 

4 With 2B Closed 
5 



12 

4.25 
11.25 
14.25 
11.50 
14.75 
16.75 



12 

4.25 
10. 75 
14. 50 
10. 50 
13.25 
14 



10,75 
6.50 
10 

12.25 
10.25 
11.75 
12 



12.25 
4.75 
11 

14.75 

11 

14 

16.50 



10 
4 
9 

11.50 
9.25 
11 

12.75 



11.75 
4.50 
10 

11.75 
10.50 
13. 50 
15. 50 



Test Conditions; Sky Overcast^ 70^F Loop Temp, April 24. 1974 



0 
19 
0 

22.25 
47.75 

0 
54 
37 

0 

41.^5 
0 
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6.1.4 OPERATING MODE TRANSITION POINTS 

The functions of the control system were described in Patagraph 4. 2.4. 1. However, two 
control or mode transition points bad to be determined empirically, specifically: 

1. The minimum point at which sufficient "extra" temperature was available such 
that the heat storage in the TES could begin axid not result in a shortage of heat 
to either AC-6 or 7. 

2. The minimum TES temperature at which the liquid circulated through the TES coil 
will be at least as effective supplying AC-6 and 7 as the main loop supplying 80**F 
liquid. 

The first is the determination of the transition point between Modes 3/4 and the second is the 
transition point between Modes 1/2/3. 

When the Mode 3/4 transition occurs, the flows through AC-6 and 7 are reduced by about 30 

percent and the total flow increases by approximately 20 percent. (The difference between 

the total and the sum of AC-6/7 being the flow through the TES coil). With the intentionally 

unbalanced AC-6/7 flow rates (Paragraph 6. 1. 1), it was found that generally 130**F inlet water 

was required to assume the total heating load of AC-6 and 7 (this compared to the design point 
o 

of 120 F with equal 30 gpm flows). By trial and error it was determined that delaying the 
transition until the loop control temperature reached 145*^F would nearly always provide 
adequate heat to AC-6 and 7 at the reduced Mode 4 flow rates. This determination was made 
by observing whether the electric coils came back on after the transition was artificially in- 
duced (via controller adjustment). 

The intent of Mode 2 is to only supply heat from the TES v^en the TES can be at least as 
effective as the main loop at its minimum useftil operating point, 80**F. The combined effect 
of the unfortunately misoriented TES coil and the low flow rates in Mode 2 is to require that 
the TES control instrumentation be reading a high temperature (relative to 80**F) in order to 
provide a significant heat input. The actual effect of the misoriented coil is to greatly increase 
the so called approach temperature available in Mode 2 (see Paragraph 4.2.3.3 for more 
discussion). The actual flow through the TES coil in Mode 2 is horizontal (rather than the 
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intended x-erttcal upward) and is heavily influenced by the thermal stratification which occurs 
in the TES fluid. The net result was that the difference between control instrumentation, which 
measures TES fluid temperature approximately 4 inches below the top of the TES coil envelope, 
and the circulated liquid outlet temperature was about 20°F. 

At the low flow rates existing in Mode 2 it was estimated that llO^F liquid was producing the 
same cyclic effect of the AC-6/7 electric heating stages as was produced by 80°F liquid in 
Mode a. Consequently, the Mode 1/2/3 transition point was set at 130°F. This transition 
point is much higher than the 90^-llO^F range which was expected when the TES tank was de- 
signed. It also miikes the system less efficient than it should be since, to be useful, the TES 
fluid temperature level must be kept inordinately high, thus both increasing the heat losses 
and limiting the periods during which heat can be stored. In the future it is anticipated that a 
reevaluation of this transition point can be made and that incorporation of a recirculation 
scheme for the TES fluid will nullify this minor problem. 

6.1.5 TYPICAL DAY'S PERFORMANCE 

As an illustration of the system's daily performance, the data collectr^u on April 16 was chosen 
as a basis for discussion. During this day only heating unit AC-6 was called upon to suj^ly 
heat (AC-7 being on air conditioning). As can be seen in Figure 6-8, initially both the collec- 
tor outlet temperature and the TES temperature were less than the transition temperature 
levels (»0 & 130^F) at which either source ccHild be used to suf^ly heat. The two prior days 
had been nearly sunless and thus the TES tank heat was depleted. This condition persisted 
till about 8:30 AM, hence at earlier Umes the heating demand was answered by the three 
electrical stages. All three of these heaters were on till approximately 7:30 AM at which 
time Heater No. 3 began to shut off. Just before 8:00 AM Heater No. 2 began to cycle and by 
8:30 AM Heater No. 1 also began to cycle. At this time* 8:30 AM, the collector outlet tem- 
perature had reached the 80**F transition point and, as can be seen in Figure 6-8, the electrical 
heating stages were off or cylcing and Valve No. 2a was opened, permitting the hot fluid to 
flow through the solar coil in AC-6. At 9:30 AM the electrical heating ceased for the day and 
the solar system carried the heating load. 
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Figure 6-8. System's Daily Performance 
This mode of operation then persisted till abmt 10:30 AM at which time the collector fluid 
reached its second transition temperature, 145°F, causing Valve No. 3 to open and permitting 
the collector Huid to transfer some of its energy to the TES tank. As can be seen In Figure 6-8, 
at 10:30 AM the TES temperature began to rise. 



At shortly after 1:00 PM, Figure 6-8 shows Valve No. 2a alternately opening and closing till 
about 5:00 PM, This i. ermittent type of operation was caused by unit AC -6 cycling on/off of 
the refrigeration air conditioning mode during this time period. 

At approximately 3:30 PM, the collector outlet temperature has again passed throu^ its 145°F 
transition point. The solar flux has been decreasing and its angle of incidence upon the 
collectors has been Increasing. Both of these factors led to a lowering of the collector outlet 
fluid temperature. As can be seen in Figure 6-8, this results in the closing of Valve No. 3 
and a rather constant TES tank temperature thereafter. 
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From 5:00 PM till 7:00 PM, Valve No. 2a is constantly open. During this time interval the 
collector outlet temperature is initially high enough (greater than 80^F) to supply the heating 
demand. However, by about 6:00 PM the collector outlet temperature had reduced to the 80^F 
Mode 1/3 transition point and is no longer used to supply heat. Nevertheless, the TES tem- 
perature is above the Mode 1/2/3 tran^tion temperature of 130°F and consequently Valve No. 
2a remains open and the TES pump comes on, permitting the TES fluid to meet the heating 
demand for the remainder of the heating period. 

Another feature of the system's performance can be seen in Figure 6-8. Under certain con- 
ditions. Valves 2a and 3 will be opened or closed as the collector outlet temperature passes 
thrtnigh one or another of its transition point temperatures. This raises the possibility of the 
system passing into a cyclical mode of operation. For instance, if the collector outlet temper- 
ature is increasing and passes through its 80^F point and a transition from Mode 1 to 3 occurs. 
Valve No. 2a ^vill open. One might imagine that now tlie collector fluid temperature could be 
reduced as it passes throu^ the solar coil to such an extent that at the collector outlet it would 
again fall below 80^F. This would result in Valve No. 2a being closed and an increase in the 
collector fluid temperature, which would again cause Valve No. 2a to open. Such cyclical 
behavior obviously did not occur in the performance shown in Figure 6-8. 

During numerous instances of observing system response during a mode transition, no cyclic 
behavior has been seen except as a result of refrigeration air conditioning or the 145^F Mode 
3/4 transition point. The Mode 3/4 transition (on the rising phase) usually produces one or 
two cycles since it introduces a significant new heat load into the flow path. These cycles 
normally have about a 20 minute period and are quite orderly in nature. The relatively 
smooth behavior of the system is due to (1) the placement of the control thermocouple 
immediately upstream of all thermal loads, (2) the «te 3 minutes required for an element of 
fluid to circulate the loop, (3) the small overall magnitude of heat load changes occurring 
at the various mode transitions (except 3/4). 
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6.2 LOOP PERFORMANCE 



6.2.1 PERFORMANCE SUMMARIES 

Daily "point" readings of various data are taken by the school custodian between noon 
and 1 PM and telephoned to GE engineering personnel. The data actually reported is 
data/ time, pyranometer reading, amisient conditions, collector inlet and outlet 
temperatures, flow rate, TES tank temperature and operational mode. Values of solar flux, 
incident energy, collector AT, energy deUvered 1^ the collectors, and a "spot" efficiency 
are then calculated as described in Table 6-3. Table 6-3 also deflnes all of the elemente in 
the "noon" data summary charts shown in Figures 6-9 through 6-15. 

Figures 6-16 throu^ 6-43 represent. In graph fomi, the system operational data as a function 
of time and gives the pyranometer reading ^ in mlUlvolts, the flow rate ii» In gpm, collector 
outlet temperature ^ as given by T/C 43 of Bank "D". and collector temperature difference 

... (Bank "D" outiet - inlet) along with the temperature of the thermal energy storage tank 
0 in^F. 
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Tabic 6-3. Method of Calculating C^rattonal Performance Summary Table Values 
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J. 2. 2 PKRFORAUNCE CALCULATIONS KST COPY AV/ULABLE 

The daily curves of the preceding subsection can be used to obtain integrated values of incident 
solar energj . heat collected, system efficiency, panel energy density, and the daily totals as 
'Aiyan in Table (»-4. laWe 6-4 shows the total heat collected by the loop through 15 May and 
i!»e total heat taken by the school for that period. An analysis of April's performance defines 
an approximate heat balance as follows. An electronic problem prohibited the loop flow rate 
I l om iHiiixi; recorded by the datalogger and there were problems with the custodians not being 
:k customed to handling a data system; consequently, there are complete data for only 15 days 
in Aptll summarized as follows: 
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-13.3 


X 


10« 


BTU 


Heat Dumped 


15.5 


X 


10« 


BTU 



Uowwcr, the net energy potentially deliverable to the school was: 



Solar Heat Collected 


29.9 X 


10« 


BTH 


Heat Loss TES & Piping 


-l.lx 


lo" 


BTU 


Power Consumed (Pvmp) 


-1.3 X 




BTU 


Net Energy Deliverable 


27. 5 X 


10« 


BTU 
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BEST COPY AVAILABLE 

The iK'l enerny deliverable shtnvs the amount of heat that eouhl be used by the school for room 
healing lesK some losses in the system and due to equipment power consumption that is charged 
agtiinst the system. A significant portion of this heat was not used due to the school heating 
load (hirini; the reporting period. Estimates of the heating load for April 74 were obtained 
from Boston Edison Co. at 78,336 kW hours for 30 days. These estimates are based on total 
tlegree days for April. 

I o fompjire the heat required to the heat supplied we first determine the amount of heat re- 
tfuired lor the healing units AC-6 and AC-7. Since they represent about 30 percent of the 
school's heated area, we ratioed that 23, 500 kW hours are attributed to AC-6 and 7 over the 

day ijcriod. Assuming half of this for the 15 days of solar heating data gives 11,750 kW 
hours; consequently, the net energy available to the school, 27.5 x 10^ BTU (or 8057 kW hours), 
refjresented 68 percent of the required heat load. However, due to system losses only 48 
percent of this energy can be identified as having been delivered to the school, the rest being 
duin|K}d. (Heat exchanger Valve la was stuck open prior to 16 April and, therefore, the system 
was dumping heat and collecting simultaneously.) 

Some additional system performance parameters or points are: 

Maximum one day heal collection % 4. 5 x 10 BTU 

2 

Peak incident solar flux recorded * 294 BTU/hr-ft 
Thermal energy storage response 10-12"F/hr increase 

Thermal energy storage heat loss rate * 0.6°F/hr with 138°F temperature difference 

Maximum intergratod one day efficiency «r 54 percent in converting solar energy to 
hot water 

Total heat collecte/i by the system to date ^ 52 x 1 o ' BTU 
Average conversion efficiency to date 37 percent 

Collector outlet temperature typical rise rate under full sun I'Vhr 

Tyi)ical rise rate of the collector inlet/ outlet tem|Xirature difference under full sun 
ft* 4.5°F/hr. 

1 1 ■! 
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G.2.3 INDHIDUAL EXPERIMENTS BEST COPY AVAILABUE 

A few individual experiments have been performed with the system. The system basically runs 
in an unattended mode and consequently "experimentation" only occurred when there was a 
happy coincidence of proper conditions and time in the work schedule, both occurrtng on a 
\isitation day. 



Pyranomoter Correlation 
This was a comparison of eleaned/uncleaned readings and also a comparison of the Eppley 
Model S-48 pyranometer readings with those of a nearby weather station. 

On May 8 after approximately 9 weeks of woathering.the glass pyranometer dome was careftilly 
\\i|>cd with a soft cloth and denatured alcohol. Output readings immediately prior and sub- 
sequent with a 2:00 PM clear sky condition indicated a negligible change (actually lost 0. 02 
millivolt after cleaning). Since it had rained some in the preceding .% hours, the test was 
repeated May 16 when no rain had occurred in the preceding 5 days. Again, there was a 
negligible change. The conclusion being that there is no need to clean the pyranometer at least 
in Boston with rain occi rring about once a week. 

The U.S. Weather Bureau at Blue Hill, Massachusetts records hourly integrated values of solar Hux 
incident on a horizontal surface. Blue Hill is reasonably near Dorchester and May 8 was a 
clear, blue sky type of day which produced orcterly solar flux curves and was widespread 
enough to expect Blue Hill to have the same insolation as Dorchester. Figure 6-44 shows a 
plot of the GE pyrano leter data which was taker each half hour for the morning of May 8. 
Two values were obtained from Blue Hill for the hours ending at 10:41 and 11:41 AM, EDT, 
Z20 and 244 BTU/ft2 respectively, which are also shown on the curve. The GE py: anometer 
data was then integrated grai.hically and mathematically converted from the 45 degree pyrano- 
meter angle to equivalent horizontal plane vali Ds using relationships from Reference 2. The 



Kclcrcncc 2 "Availability of Solar Energy lor Mat-plate Heat Collectors" by Ik'njamin Y. II. 1 
and Richard C. Jordan and l>ublished in Low Temperature Engineering Application of Solar Fnoi 
byASHRAE, 1967. 
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Figure 6-44. GE Pyranometer Data 

comparative values are 215 with 220 BTU/ft^. and 236 with 244 BTU/ft^ for GE and Blue 
Hill, respectively Interestingly enough, the conversion from 4Ji degrees to horizontal 
only proAices a few percent change for this particular time of day. The conclusion was 
that 29. 5 BTU/hr-ft MV is a reasonably accurate coefficient for our pyanometer; however, 
this cjqjeriment will be repeated to obtain both horizontal and tilted data simultaneously. 

6.2.3.2 Collector Detail Thermal Data 

There are four collectors (101. 102. 103 and 104) in the system with internal thermocouple 
instrumentation. All four collectors were located together; two groups ^n tandem to insure 
pairs with identical fluid flows (101/102 and 103/104) and two groups side by side (101/103 
and 102/104) to provide identical exposure conditions and match with the panel flow meters 
originally in the system. The tliermocouples in the four collectors were installed in Iden- 
tical locations; specifically: 



18G 



- Ce«ter of pan rear «stertor surface BEST COW AVAIUBll 

Center of outer window interior surface 

Center of inner window interior surface 
<l- Abfcjrber panel sunlit surface near left inlet nipple 

Absorfjcr panel s'lnlit surface near center 

f. Absorber panel sunlit surface near left outlet nipple. 

t he .soctuencc above was expected to also be in order of ascending temperature; however, 
the outlet tcmperuturc, f, was normally about the same or, in some instances, even a few \ 
decrees cooler than the panel center temperature, e. This was attributed primarily to the 
middle thermocouple being located nearly on the splice plate between the two absorber plates, 
more thim t inches from a liquid passage, while the inlet/outlet thermocouples are located 
nearly <m the licjuid passage at the rJpple ads^>ter. In addition, there are more two dimen- 
sional heat flow effects near the inlet/outlet nipples. The net result is that the middle 
thermocouple is nearly the hottest of the six temperatures. 

A comparison of the middle thermocouple, e, with the average of the inlet/outlet thermo- 
couples, d and f, also provides an indication of what lateral temperature differentials exist 
within the absorber plate. 

n hese characteristics are shown graphically in Figures G-45 and r.-4G. The transient tempera- 
ture distributions in Collector 104 on May 5 are shown in Figure 6-45. This figure also 
points oit one of the difficulties of instrumenting windows. The window thermocouples had to 
be emplaced prior to developing a good technique for instrumenting Lexan and, as a result, 
the thermocouples were taped to the "inboard" surface. In this Instance, the inner v .ndow 
thermocouple tape/ window bond is loose and the thermocouple is responding to a temperature 
between that of the imier window anc" the absorber plate. The same typo problem may also be 
influencing the outer window values. The thermal distributions both longitudinally and through 
the collector thickness are shown for three different times in Figure 6-4«, again for Collector 
104 on May 5. Referring to the procedure described above, it can be inferred from the 
longitudinal differentials that the maximum lateral temperature differential on the absorber 
plate is a relatively modest 8 to 9^F. 
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6.2.3.3 Bypass Heat Exchanger Effecttveness 

This area has been rather crudely e:9)erimented with and is by no means complete. Some 
conclusions can be drawn however. The bypass heat exchangers will not withdraw 450. 000 
BTUAr from the loop with a 100*^F Uquid to air temperature difference. However, they ^>pear 
c^le of doing so at 130-I40^F. Consequently, the total effectiveness is lower than pre- 
dicted with an overall coefacient of about 3300 BTU/hr-**F seeming more like actuaUly. 




EASTERN STANDARD TIME 

Figure 6-45. Solar ColL ctor Tempei-ature Transients 
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Figure 6-46. Solcr Collector Temperature Distributions 
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0. 2.4 WINDOW CLE ANmo KST COPY AVAIUBLE 

Thorc was siKnificant discussion during the planning stages of the project as to how often and 
what tyiie of window cleaning proce(bires should bo employed on the collectors. Since cleaning 
a 4600 square foot array is a formidlble task, it was expected that developed "Tricks of the 
Tratfo" would be a valuable output of this project. The matter was complicated somewhat by 
the scratch susceptibility of Lexan relative to glass. Cleaning equipment representative of 
v:irious types of commercially used techniques were purchased. 

The array is west of an incinerator and falls underneath one of the approaches to Boston's 
Logan Air|>ort. As a consequence, there is a more than average st^ply of particulate con- 
tamination which falls on the windows. The prevailing winds are west and during the approxi- 
mately 30 iHjrcent time frame when the wind Is not out of the west, it usually blows from the 
oast. Because of the height and the direction, the windows are nearly always wind swept. 
This waK a concern due to the possibility of building up a static charge which would enhance 
particulate adhe ranee. 

Bank B collectors were cleaned after approximately two weeks exposure and 3 to 5 days with- 
out rain. Two cleaxiing techniques were used (detergent and pave water with a soft rag). That 
night it rained and the following day all collector windows af^ared equally clean. The con- 
clusion was that while the panel performance is temporarily improved somewhat by cleaning, 
it is not worth doing because: 

1. The improvement Is short lived (hours). 

2. Rain is frequent and effective enough to do an adequate job (at least in Boston). 



6.2.5 PROBLEM AREAS EXPERIENCED 

One objective of the solar heating experiment was to get a system into operation so that system 
problems would surface. Resolution of these problems are necessary fcr development of a 
better product for the retail market. 
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6.2.5.1 Condensation on Panels AVAILABLE 
Ccmdensation formed in various panels in an apparently random pattern. Various techniques 
\wttM tried to solve the condensation: 

1. Lift window and dry with rag. 

2. Lift window and blow dry air in collector. 

a. Allow the normal heating/cooling and breathing to clear panels. 
4. Aicrease size of breather holes. 

None of these mefho^-^s was found to clear up a panel permanently. 

The condensation was isolated to very small leaks in the joint between the collector inlet/out- 
let nipples and the absorber plate. Subse<|uent failure analysis proved the nipples were loose. 
Tightening of the nipples resolved the leaks and the panels cleared of any further condensation. 

6.2.5.2 Pumja Motor Failure 

The main pump is used to circulate the fluid through the solar collectors and heating units. 
The pump was installed in early March and started operating on a 12 hour day basis on March 
6, 1974. On April 18 one pump motor bearing failed causing the motor to freeze and bum 
out. The pump motor was replaced vdfh a new motor. The original motor was Tvpaired by 
the supplier and is now kept as a spare. 

6.2.5.3 Panel Flow Meters 

Visual flow meters were installed on four panel outlets. Each flow meter measured the out- 
let fluid flow of a tandem pair of collectors. The flow meters were Installed in Bank C and 
were placed iiito operation on March 11, 1974. Immediately the meter windows fogged up 
indicating a imall internal leak. The windows were removed, ftttUigs and seals checked, 
and the flovwjneters were dried out. The leakage rate continued to the pof nt that the water 
glycol fluid waK actually dripping from the flow meters. On April 19 the flow meters were 
removed from the system. 
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6.a.r..4 collector Weld Failure KST COM AWMUBIE 

The A and D banks of collectors were brought on line on March 20. Collector serial number 
138 was installed in the bottom row of Bank A. Three days after initial operation solar 
collector serial number 138 developed a leak and partially filled the collector. The collector 
was removed, returned to General Electric, Valley Forge, Pa. , for failure analysis. 
Partial disassembly was accomplished and the leak was isolated to the nipple adapter fitting 
weld on the absorber plate. 

Each of the 144 collectors contains 4 welds, 2 ix^t and 2 output connectors, and only one 
weld has developed a leak. All collectors were leak checked in final assembly prior to ship- 
ping to Boston. Therefore, the weld must have been worked by flexing of the collector inlet 
tubing during thermal cycling. The fitting may have been weakened by flexing or Impact 
during transportation or installaticn. 



6.2.5.5 Panel-Window Separation 

In a small number of panels outward bowing of the 4 foot ends of the panels has occurred 
afier several weeks operation. The overall length of these panels, in the area fitting inside 
the outer window exceeded the insicte length of the cover window (between the wealher seal- 
ing lips). Consequently, in these cases, the uuter window ultimately raised In the center of 
the ends since the structural strength and rigidity of the fr&me pans far exceeds that of the 
sealing lip of the window. The dimensional growth of the collector frames in question is 
believed to result from one or more of the following causes: 



1. Variable or over-filling of the absorber assembly with urethane foam. Tighter 
controls on the amount of injected foam will be established and effected in the fab- 
rication of future units. 

2. Thermal instability of the urethane foam at elevated temperatures. The available 
foam used has a nominal upper service temperature of 200^F. In many cases this 
temperature has been exceeded in the installed collectors, possibly causing outwari- 
bowing of the frame ends due to foam expansion. Future applications will utilize 
insulations stable at temperaturss in excess of maximum absorber temperatures 
achievable by the particular design. 
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.*t. Assembly of outer window and frame combinations which result in clearance Ixilwecn 
the frame pan and window flange of less than the lower design limit. In future assem- 
blies, more careful dimensional control will be exercised, commensurate with less 
severe schedule pressures. 

<i.2.« CONTROL AND INSTRUMENTATION S\STKM IMPROVKMENT 
The Imsie control systems design was frozen in early February so as to allow system fabri- 
cation and tielivery in time to support an early March oi)e rational date. Several inipiimMnenls 
were incori)oratcd after delivery to Boston. 

<».2.(>. 1 Backup Power Supulv 

The control system operates on 28 volts supplied by the power supi>ly located In the lower left 
side of the control and instrumentation console. The power supply is protected by circuit 
breakers from an overload condition. On several isolated incidents the )>ower su|^)ly circuit 
breaker trip|)ed pointtng out the deslrahiUty for a backup 28 volt power supply. Two automobile 
flatteries were purchased and the circuit was changed to use these batteries as backup iniwcr. 
A batteiy charger was Installed In order to keep the batteries charged. 

6.2.6.2 Low Pressure Warning Horn 

The solar collector requires fluid flow on sunny days to protect the collectors from overheat- 
ing. An audible warning of a failure of the main pump was desirable. A pressure switch was 
installed between the main pump Inlet and outlet ports. A pressure differential less than three 
psig across the pump Is used to indicate a pump failure and set off the warning horn. 

6.2.6.3 Comparator to Control TES Flow 

The original logic design for control of TES flow was to cause Valve No. 3 to open anytime the 
loop temperature rose above 145**F. On a typical day the system operates in the byinis.s 
mode for warm-up, switches to heating when the loop temperature reaches 80°F, and when the 
temiierature loop exceeds 145**F the TES is charged v^ia Valve No. 3. However, as the sun sets 

In the afternoon, and the loop temperature decreases, the TES temperature mriy exi viil thv l«»op 
temperature while the logic calls for TES charging. In effect the solar collectors become 
radiators and cool the TES fluid until the loop reaches 145°F. 
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A comparator circuit is being fabricated and will be installed in JUne. The circuit will require 
both that the loop liquid be above the Mode 3/4 transition temperature and that the loop liquid 
exceed the TES liquid temperature. This will conserve heat stored in the TES and make more 
heat available to the school. This was an oversight in the original design. 

6.2.6.4 Backup Pump 

The solar collectors are intended to have fluid flow at all times they are exposed to the sun- 
light. The system contains two pumps. The main pump \v.iich pumps all fluid through the solar 
collectors and the various heat loads (TES, heaters units AC-6 and AC~7, bypass coils). The 
TES pump*s primary function is to pump the fluid around the loop between the TES tank and 
the solar coils in the heater units AC-6 and AC -7. An additional plumbing line and two hand 
isolation valves were added to the system to pi-ovlde a capabiUty, s'^ he TES pump can be used 
as a backup for the main pump by operation In the manual mode. This redundancy was in- 
stalled to provl'^e the system reliability and protection of two main pumps without the added 
cost of another pimip and the complication in the control system. The backup mode was used 
when the main pump bearings failed. The modified piping schematic is shown in Figure 6-47. 

6.3 MAINTENANCE 

The actual system maintenance activities have been related to the data system, i.e. , changing 
recorder paper, printer ribbons, etc. The activities during GE site visitations have been 
' principally of a surveillance nature with a considerable number of odd jobs to incorporate 
modifications or conduct small tests which were not done during the checkout period. Visits 
were originally on a once a week basis but system performance has let that stretch out to 
e\'ery few weeks. Checklists were macL up for use by GE personnel and the school custodians 
and are shown in Tables 6-5 and 6-6, respectively. A more comprehensive maintenance check- 
list will be made up for the 1974-75 heating season operation including such items as periodic 
lubrication, etc. The esqperiment period was too short to require "arinual" maintenance types 
of activities. 
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Table 6-5. GE CheokUst for Grover Cleveland Sdiool Solar 

Heating ^stem 



ttenerat 

Main worry la xhtA Mqukd areuU^ott wtli ^ap tvttUe sun la ahi&K due to: 

a. t^iwor failure fautiihle/vtsiMo atartit) 

b. Ihunp failure (mechanical ^r Nl^K) 

c. Vamlahsm (iBS|ieiiiun for cianagG/ teaka) 

If urn audible alann etounda. call Kbiq of Prusaia miniediotely. 

Noteateia H-:.M:!-r.&rta 

J. Ladd h-I^^LMiimfk 

1. Iiocale U<K buuk in conirul rount and retvirtl indicated valuoa aftirtfnR 174 aad on 
<kt log buvk. {SiAet one da>'*s data falla on two pQ|CC»), 

J» Check UutI ayateni is tn "atloniaUp cycle" and "automaf |r*' mode. 

Check thai rerl needles are sM aa follows cm tb« three ''system oootror' tuanel 
tentiferuture ntetera: 



Kad Needle 




XSiSSSSSi 


Left ua loll cKpanatun tank 




I'seabto boat 


HU^ on toft expanaiOD tank 




Cictra host 


l«ft on rtftht ospansloQ tank 




HiA jtaed 


Uifehi on right ex|)anslon tank 




Safely Umtt 


l^efk tin thertiml enerf^ aiorage 




t aoabte TKS 


Kighi on 1 her null onerK^- storage 




Not used 



4. OiOik that "KnerR^ How" iNinel indicators agree with conditton i^>mrol Chart (atiaohedi. based 
tin left "KxiKusitm Tnnk" uml '"thermal KnerfD Storage** meters (reoord lentperaturo values). 

"i. (iu to pun.|i arott wstfi dwvkt 

a. MAin {mmp suction above l*StG (record vahie)* 

b. Meim puntp dAScharfce - 45 HHIG nbuve auaion and below d& P&IG (record vahiOl 

c. !> ^ iMirttp suction wtthm 10 l*SIG of niam pump discharge 

d» mii pun»p Uiachance equal to station value %t pump la off and ID «• la fStG above tueucm 
i'aluc if pump in tm (record vahieK 

6. CTieck drip i)U(J(et under main pump to aee thai U is -;atdiing drips and to see if level is 4P to groove 
(aM>roKimaiely fi*' belo^ lop of buck^>. If liquid Is up to groove, empty bucket litfo roof drftia» 
replace, and record action to log book tulumn provided. 

7. c>pc!) both loutsr valves to TV:s tank sight glasa. Air/ liquid level bhcRild be I • a" from top of glaaa 
{re<t>rd value^. Clmie lt>wor mlvos to isotato TIlS lank (Note: I'pper si^ glass valvd ahoukl ahvaya 
be open and hoae bib on lop of TES tank should always he closed), 

rt. ( t|ien top and tHtttom valve to Nfoke-l p tank sifd^i glass. Liquid level ahoukl be t - 6** from bottom 
(ref«>rd value). Close bo^ valves. 

9. Wttlk around loi>p and cheek: 

a. Six i/anel group 'k>w meters i«tween tape mirks Indieaied (b^weea 0. s and t . 2 GPM/panel 
pair with 1. 0 GPM as nominal). 

b. AC'^A Jamssbur) valve Is WIUR Ot^S and flow through AC-^ flow meter is 2* & - 3. 0 times 
thai Ihroti^ AC*? flowmeter (record vnlues), 

r. i<eaks - most likely as green dnps frvni bottom of panel or bottom header. 

d. Visual floH- meters on back of panel group C are showing almllar aad midrange iKtppet 
positions with no large bubbles in flow stream. 

e. ftecord panels showiog more than 5*/t pondenaa^on b^- tianel ausnber oa left log book tiage 
(south row IS Km series, middle row, m> series, north rew, :«oo serleii beitem panel is 
odd - top is evra: and bcttem west itt origiQ: i.e. . 101, 2oi, 30|). 

tui Kecorvl aivv narrative anomalies with ctaie. time and name In log book sUrtiDig at page 2&u» Call 
King of frussia iC aay values are out of range or ai^ythlng looks wrong prior to taking ai^* oorredivd 
action. 
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Table School Head Custodians Checklist for GE Solar Heating System 



Phflosophv; 

Follow cl^kltet* note any discres^ncles. record In log book, and oall OE, King of Pnis8ta» Pa. 
before taking corrective action* PrincQim! cotieem is to keep water oirailatiag when sun fa shining. 

General ; 

U audible alarm sounds, telephom GE PilMEPlATELY ^ 



John >k>testein 
Keith McFarland 
John Ladd 



1-(215>*862»4S89 



1. t^x^ate log bocA In contrcd room. 

2. Check that panel is in "Automatic Cycle** and **Automatte*' mode. 

3. Check that panel flow meter is reading vabe which is both steady and between OPtit. 

4. Check that paper tope from data logger is pOii^ vp neatly. 

5. Check that 'Tt^rgy Flow** t^uiel indicators look like they should based on Condition 
Control Ch»rt (attached)* 

G. Walk around loop (omit after sunset) and check that: 

a. Main pump suction pressure Is above 3 PSIQ 

No signs (rf leakage (most likely green drips oS lowest edge of panel or 
liottom header). Drilling from main pump is normal * do not empty 
catch bucket it is our measuring cup. 

7. Telei^one GE if something doesnH look right (using GE i^Kme l-2i5'-a62*558S) and record 
any abnormalities in log book starting at p^ 100 (with date, time, and name of entrant). 

8. \B early as possible in the morning (prior to 7;30 a.m») push 'teed" button on data 
logger to run out some blaz^ paper and write time and c^te on ps^r. 

9. Between noon and 1:00 p.m. read reporting values, enter in log book (page 3 and on), and 
telephone vtilues back to GE usli^ GE phone l£ne$ 

a. Solar flux from most reoent value of channel 1 cm data logger. 

b. Ambient temperature from right most panel temperature meter. 

c. Weather condition by eyeball: sky is clear, 300^, cloudy, or 60% cloudy, total 
overcast; weather is sunny, light, dark, rain, or snow. 

d. Wind direction/ velocity from weather station meters. 

e. Thermal energy storage tank temperature from labled meter fourth from right, 

f. Collector inlet temperatture from meter third from right, (each division Is 5^F). 

g. Collector cnitlet temperature from meter second from ri^t. (each division is 5^F). 

h. Flow rate from panel (low meter. 

i. ^atsm status is '^Automatic'* or "Manual" aiKi "No Problem" or "Problems'*. 

j. fottlal log book to know who took readings. 

10. At about the same time each nfght shortly after sunset (8 or 9:00 p.m.) push "Feed" butt<»i 
on data logger* write time and date on all paper tapes (6 recorders plus data logger), 
tear off data logger tape and place in envelopes for GE. 
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SECTION 7 

SOCIETAL AND ENVIRONMENTAL INTERACTIONS 



New technologies and products require public acceptance prior to becoming a ptx>fitable 
venture. One of the prime objectives of the Solar Heating experiments sponsored by 
The National Science Foundation was to determine acceptance within the general public. 

The average citizen has treated solar energy as something to read about or see on television. 
The Dorchester residents, in general, have not acted positively or negatively over the in- 
stallation and operation of the Nation's first solar heating system in a public school. Most 
visitors, however, are tedmlcally-orlented personnel and/or have a definite Interest in this 
new development. 

7.1 REACTION OF CONSTRUCTION PEOPLE 

In late January a team of General Electric engineers visited Boston to finalize some of the 
design concepts, and select a general contractor. The Public Facilities Department of the 
City of Boston made all necessary arrangements for access to the sdiool and provided a 
conference room for a meeting with prospective general contractors. 



Two prospective general contractors were asked to present their capabilities and interest 
in performing the work. They were selected from the many potential contractors based on 
recommendations of the architect-engineering subcontractor and various other 
contacts familiar with the Greater Boston Area. 



The Vappl Company was selected because of their expressed interest In working in the Solar 
Energy field and apparent ability to aid us in obtaining the necessary construction mate- 
rials. Vappl was asked to select subcontractors so that we might brief them and determine 
their suitability. During these briefings. It became apparent that a key to completion on 
time was a harmonious work force. Subcontractors were selected based on their willingness 
to accept a Time and Material (T&M) contract <rf an undefined magnitude, a history of good 
labor relations, e3q>ertise in their field and materials on hand or ability to rapidly obtain the 
necessary materials. 
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There appeared to be a general disbelief that a solar heating system would work in Boston, 
and no one could build a system of tiie magnitude described within six weeks. Once the 
subcontractors were selected, a member of the design team was assigned to work with each 
subcontractor to assist him in selecting parts, materials, and processes, and to insure that 
each woxk element and eadi piece of material was available when needed. 

Construction began on the roof of the Grover Cleveland School on F^ruary 13. The first 
hole was cut into the roof at approximately 1:30 PM. The welder started removing the cap 
from the column at approximately 2:30 PM. Immediately aflot the cutting process started, 
the fire alarm went off. The fire watdi in the classroom imm^^>tetely below the work 
ascertained that the construction had not caused a fire. After a inspection by the Fire 
Department, sd\ool resumed (conclusion: a student triggerec! .ilse alarm). However, a 
fireman from the city fire department was then assigned to the construction site during the 
remaining cutting and welding processes. 

February and March in Boston are usually cold and snowy months. During the construc- 
tion from February 13 to system operatic on March 6, the weather was mild with very 
little snow. However, the chill factor was extremely low since there was always a wind 
blowing on the school rooftop. The acceptance and enthusiasm of the construction work 
force changed dramatically on the morning of March 7, 1974 as they found they could warm 
their hands on the pipes which were still uninsulated. From that moment on, the construc- 
tion work force was sure solar heat would work in Boston and appeared proud to be on the 
team that installed the first major solar heating installation in a public building. 

Certificates of participation, a typical example of which is sho^^n in Figure 7-1* were 
given to all workers and companies who participated in the impossible task of designing* 
fabricating and installing the solar heating system in the Grover Cleveland School in Boston. 

7.2 INTERACTION WITH SCHOOL 

Interaction with the Grover Cleveland School Principal and others was very friendly and 
helpful. In the early days the interaction was primarily that of providing access and help. 
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They were briefed on the progress and system operation and occasionally a teacher would 
come up and onto the roof. 



Interest increased on March 7 when the Principal was told that heat is now being applied 
from the Solar Heatii^ System. She. the Principal, was given a tour of the system and a 
demonstration. Again the qualitative test of feeling the pipes on a very cold day was proof 
positive that solar energy coulu be used in the Northern latitudes. 

Visitation on the roof area was generaUy off limits while construction was still in process. 
The school aistodians became interested in the system since they could see that the system 
worked and was likely to ultimately be turned over to them for operation. As the system 
became debugged the normal day to day responsibilities were assumed by the lead school 
custodians on the first and second shift. 

7.3 INTERFACE WITH THE PUPILS 

The pupils at Uie Grover aeveland Sdiool became aware of something special happening 
at their school. The depth of understanding and acceptance was best portrayed by the 
poster contest conducted by the Art Department at General Electric»s request. Their only 
guIdeUnes were to portray their understanding of solar heating. Seventeen posters were 
submitted. The winner, an 8th grade girl's poster, is shown in Figure 7-2. Mr. A. Furnace, 
a tired old mantis retiring as the new solar heat is being aM>lied. 

7.4 VANDALISM 

Protection from vandalism was a prime consideration in the system and collector design. 
The collector windows were made from Lexan to prevent breakage in the event that the 
neighborhood kids threw rocks at the collectors. This did occur on numerous occasions 
and Figure 7-3 shows the number of rocks and one baseball that were thrown to the top of 
the three story building over one weekend. No damage to the system has occurred from items 
thrown; however, loss of one school window per week was typical. Further design consid- 
erations were to minimize the exposed copper that attracts some scrap metal collectors. All 
copper Is covered with insulation. Usage of glass sight glasses and flow meters were 
minimized or valved to lessen the posslbillly for breakage and subsequent system drain. 

ERIC 



RST COPT AVAILABLE 




Figure 7-3. Rocks and a Baseball Found on the Roof after a Weekend 

The roof and control room are kept locked at all times when not under the surveillance of an 
authorized worker. Additional brick/ mortar work was completed on the back side of the 
school so as to not tempt the neighborhood children to cUmb up for an inspection* 

In addition to the thrown missiles typified by B^igure ?--3, the only other act of vandalism 
between February 13, when con^tiiiotion started, and May 15, end of the initial operational 
period, was when someone gained access to the control room while the ex^neer was out on 
the roof making a visual inspection. All switches were operated changing the state of every 
valve and inimp. One switch was dlsloged from the panel. The switch was re-installed and 
the system was returned to normal operation by the engineer before any damage occurred. 

7.5 COMRfUNITY INTKiUCTlON 

The Dorchester Community is located south of Boston. The area is composed of primarily 
Irish with some blacks tmo Puerto Ricans. The community is a blue collar community. 
Most of the housing and business establishments are housed in old buildings. The original 
section of the Grover Cleveland School was built approximately 50 years ago; it is being 
renovated and will return to active service in the Full of 1974. Across Charles Street 
from the school is the Fields Comer MBTA Station. 
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Figure 7-4 shows the school In January 1974 from the MBTA Station north entrance way. 
The roof line i« broken with the sky lights. Figure 7-5 shows the school in May 1974. Note 
that the roof line has been smoothed out in the center section of the building by the solar 
collectors. 

Figure 7-6 is a view of the sd)ool taken from three blocks south on Dorchester Avenue. The 
school roof line blends into the surroundings and is noticeable only if one specifically knows 
what to look for (center of picture). The solar collector installation is not visible on the 
ground level from either the east or west ends because of the roof lines of the buildings. 

The northern exposure is primarily hidden from all but a few homes by the small hill behind 
the school. The solar collectors cast no shadows on buildings nor block the view from any 
of the homes in the local neighborhood. 

The homes north of the school and immediately adjacent to the school reportedly have com- 
plained about the noise from the existing air conditioners on the school. If the collector 
form casts shadows or blocks views of any local residents, these family residents would be 
affected. In the four months since installation no local residents have registered a complaint 
with the school, dty or any other public officials against the Solar Heating System installation. 

7.6 VISITOR INTERACTION 

Visifors from all parts of the country have teles*oned, visited and asked questions. This 
includes college professors, power company executives, ardhitects, college students, com- 
petitors and a very few blue colL workers from Dorchester. 

The visitor traffic was and still is composed primarily of technically oriented personnel. 
The average citizen seems to accept solar energy as a thing to read about in the newspaper 
or watch on the evening TV news. Press coverage peaked in early January after contract 
award and again in early March when the system went operational. 
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Figure 7-5. Grover Cleveland School in May 1974 




Figure 7-6. Grover Cleveland School from Three Blocks South 
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SECTION 8 
CONCLUSIONS 



This bcctiun is a summary of the major conclusions reached In performing this experiment 
during the January - May 15, 1374 time period. 



Solar heating is effective and feasible In the northeast^^m United States. 

Over a full season the solar system is expected to prcvldt, over 2/3 of the heating 
requirements of the middle third of the school (the portion served by the solar 
heating system). 

Institutional personnel (schools, governments, utilities, etc.) are highly interested 
in solar energy applications. They took the initiative to understand the system and 
actively participated in helping others to understand Its operation and benefits. 

The technically aware public shows considerable interest in solar energy applications 
as evidenced by the number and types of visitors to the 'school. 

This solar system was compatible with local residencei^ and businesses. No objections 
to shadowing, aesthetics or even the inconveniences of the construction were evident. 

The construction workers were skeptical initially but bi^came quite proud of working 
on the project when it became apparent that solar heating worked. 

Even large, roof mounted planar arrays are not particularly notf ceabie from a distance 
of a few city blocks (Figure 7-6). 

It is possible to utilize a solar array as a fascia to enhance a building's roof line 
(Figures 7-4 and 7-5). 

Resistance to vandalism is a major design consideration. These Lexan window solar 
collectors withstood frequent impacts from thrown rocks and baseballs (Figure 7-3). 
There has hee^> no damage to date and, for comparison, the school averages one 
broken winuow per week. 

Electronic integrators should be utilized for important data which varies randomly, 
i.e., solar flux. 
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